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  During the past decades, the near-infrared (NIR) light emissions of Yb3+ and Nd3+ 
ions have been favoured for their applications in the area of biology, sensors and 
telecommunication etc. However, due to their low absorption cross-sections, high 
pump power density is required to produce bright emission intensity. Sensitisation is 
one of the most commonly used approaches to reduce the power density to 
photosensitise lanthanide ions. In this thesis, we report a composite material system 
in which the organic sensitiser Zn(F-BTZ)2 is doped with lanthanide complexes Ln(F-
TPIP)3 (Ln= Nd or Yb) in thin films. Both Zn(F-BTZ)2 and Ln(F-TPIP)3 are perfluorinated 
molecules, which are designed to improve the quantum efficiency of lanthanide ions. 
For these Zn(F-BTZ)2 and Yb(F-TPIP)3 co-doped samples, Yb3+ demonstrated efficient 
photoluminescence (PL) with a prolonged lifetime up to ~ 0.3 s at 1 𝜇m, far exceeding 
the intrinsic Yb3+ lifetime of ~ 1ms. The dynamic equilibrium is studied to 
demonstrate that this prolonged emission is caused by the energy transfer from the 
long-lived organic triplet excitons. Experiment and simulation results suggest that we 
discovered a novel route to develop bright and ultralong-lived 1 𝜇m emitting 
materials by coupling Yb3+ with other existing organic persistent luminescence 
materials. Furthermore, different concentration Zn(F-BTZ)2 and Nd(F-TPIP)3  co-
doped films were fabricated. Sensitised PL spectra demonstrate bright Nd3+ NIR 
emission peaks that have PL intensities comparable to the emission of Zn(F-BTZ)2 
chromophore. Series of experiments and simulations were conducted to 
quantitatively study the effect of sensitisation. The reduction of triplet lifetime with 
the presence of Nd3+ as an energy acceptor indicates the triplet energy transfer rate 
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at room temperature is ~ 1200 s-1. Hence, both the photoluminescence excitation 
(PLE) measurement and steady state rate equation simulation suggest the 
sensitisation via Zn(F-BTZ)2 could enhance the PL intensity of Nd3+ by maximumly 
3000 times.  
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Chapter 1. Introduction 
1.1 Background and motivation 
The optical properties of lanthanide ions (rare earth ions), have been attracting 
interests for decades. The key to trivalent lanthanide ions’ optical properties is their 
unique [Xe]4fn (n =1 - 14) electron configurations. Due to the large radius of the 5s2 
and 5p6 subshell, lanthanide ion’s 4f valence orbitals are shielded by the [Xe] core. 
These 4f valence orbitals of lanthanide ions are regarded as ‘inner orbitals’. Since 4f 
inner orbital has little participation in the binding pattern, it is hard for the hosting 
environment to disturb the energy levels in 4f orbital. As a result, the energy level 
split in a lanthanide ion's 4f orbital is trivial and gives the 4f-4f transitions sharp 
emission lines. This sharp emission makes lanthanide-containing materials good 
candidates for fabricating sensors, bio-probes and monochromic light sources.1  
  Additionally, Laporte’s selection rules suggest that lanthanide ions’ 4f-4f transitions 
are forbidden because the energy states in 4f orbitals have the same parities and 
cannot be connected by the electric dipole (ED). Although the induced mixing of 
electronic states with opposite parities by the hosting environment could partially 
relax the forbidden 4f-4f transitions, the probabilities of these transitions are still 
very low, and then give lanthanide ions relatively long radiative lifetimes (up to ~ 10 
ms).2 Since the long-lived excited states make it easier to for lanthanide ions to reach 
population inversion, using lanthanide containing molecules as a gain material has 
been favoured by scientists for a long time. Besides, depending on the energy gap 
between the excited state and the ground state, the emission wavelengths of 
lanthanide ions can range from UV to IR which can satisfy a wide range of applications.  
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  In this project, I focused my research interests on two near infrared(NIR) emitters: 
ytterbium (Yb) and neodymium (Nd), which are promising for the applications in 
biology, telecommunications and integrated photonic devices.  
Ytterbium (Yb), was first found at Ytterby (Sweden) in 1788 and named by a Swiss 
chemist, Jean de Marignac in 1878.3 Since the spectral properties of ytterbium were 
first identified in 1956s,4–7 its sharp ~ 1 µm emission has been widely used for making 
bio-imaging probes and 1 µm solid state lasers. Because lights with the wavelength 
range of 0.7 ~ 1.3 µm have the maximum penetration depth in biology tissues, 
ytterbium has become a promising material for biological imaging. Some literature 
have demonstrated that combining Yb3+ ions with nanoparticles or organic ligands 
could visualise cells, proteins and measure pH values.8–12 Besides, Yb3+ containing 
materials are also good candidates for fabricating 1 µm laser devices. Whilst the 
current solid-state 1 µm laser materials such as Ti: sapphire crystals or III-V 
semiconductors work well, it is still challenging to make 1 um lasers that can be 
efficiently coupled with photonic integrated chips. Literature have proved that some 
ytterbium-containing organic materials can be deposited on silicon or glass substrate, 
which provides an alternative solution to incorporate 1 µm light into an integrated 
optical chip.13–15 
Neodymium (Nd) was discovered by a Austrian chemist, Carl Auer von Welsbach 
in 1885. Similar to ytterbium, as one of the lanthanide ions, Nd3+ also has sharp 
emission lines.16 Its 4-level energy system enables Nd3+ to generate photons with the 
wavelengths of 0.89 µm, 1.064 µm, 1.3 µm and 1.8 µm. Among these four 
wavelengths, the 1.3 µm emission is particularly attractive for its application in 
modern telecommunication. That is because the wavelength of 1.3 µm light is 
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located at the second telecommunication window (O band) where light has relatively 
low propagation loss in telecommunication fibres.17–19 Although light sources 
working at 1.5 µm such as erbium doped fibre amplifier (EDFA) are preferred due to 
its lower transmission loss20, 1.3 µm lasers are still widely used for short distance 
communication since they have better thermal stabilities.18 Moreover, Nd3+ has an 
unique 4-level energy system in which the transitions from the 4F3/2 level to the 
electron-empty level, 4I13/2 (1.3  µm )and 4I11/2 levels ( 1.064 µm), are always at the 
population inversion state. It is very easy to produce stimulated emission and hence 
obtain optical gain from Nd3+ based materials at these two wavelengths.21 Even 
though some scientists observed excited state absorption (ESA) in the 4I13/2 energy 
level which limits the performance of Nd3+ 1.3 µm emission22–25, changing the hosting 
environment and modifying cavity structures could enhance the 1.3 µm transition 
intensity and hence improve the optical gain. Since 1970s, some literature start to 
propose the fabrication of 1 µm and 1.3 µm lasers with Nd3+ containing materials.26–
29 However, most of these neodymium lasers are realised by doping Nd3+ ions into 
some inorganic hosts like glass and crystal, few of these reported lasers are found to 
have good coupling efficiency into a waveguide for photonic integrated chip. There 
are only a few research groups that have successfully developed lanthanide ions 
doped micro-lasers using micro-disk cavities, but the doping of lanthanide ions has 
to be realized by ion implantation, which is complexes and inefficient.30,31 Therefore, 
using Nd3+ containing organic materials that can be deposited onto any substrate 
provides another route to couple the light of Nd3+ emission into the photonic 
integrated chips.    
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Despite Yb3+ and Nd3+ have shown great potentials, there are several limitations 
which cap the development of Yb/Nd based optical materials. Although the mixing 
of opposite parities from ligand or crystal field can partially relax Laporte’s selection 
rules, the probability of the induced 4f-4f transition is still very low. Thus, lanthanide 
ions have bad light-absorbing abilities. Normally, they only have ~10-20 cm2 
absorption cross-sections,32–34 and extremely high pump power density is required 
to pump lanthanide ions to the population inversion state. Since 1970s, instead of 
directly exciting lanthanide ions, scientists demonstrated that energy could be 
transferred from a light-harvesting material to the excited states of lanthanide ions, 
which is called sensitisation or antenna effect.35,36 This sensitisation effect is 
observed both in inorganic and organic materials system. However, the sensitisation 
in organic materials system seems to be more promising, as it is easier to dope 
lanthanide ions with light-harvesting organic materials. By far, some of the light-
harvesting organic materials are reported to have large absorption cross-sections up 
to 10-15 cm2, which is five orders of magnitude larger than the absorption cross-
section of lanthanide ions (~ 10-20).37–40 And some of these materials have relatively 
small energy gaps and large intersystem crossing rates, which produces a number of 
triplets. Since the triplet has long lifetime, a high exciton density at the excited triplet 
state would allow an efficient energy transfer and then significantly reduce the pump 
power density to excite lanthanide ions.  
Yet, the development of organic lanthanide complexes for sensitisation is limited 
because of the existence of hydrogenated chemical bonds (C-H, N-H and O-H bonds) 
in organic molecules and the environment.41,42 Because of the small mass of 
hydrogen, hydrogenated bonds have high vibrational energies. Especially, the energy 
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of the second overtone for the hydrogenated bonds energy is close to the excited 
states of NIR emitting lanthanide ions such as Nd3+, Yb3+ and Er3+.43 Thus, the 
population in lanthanide ions' excited states could be easily deactivated via the 
nonradiative quenching from hydrogenated bonds, which results in poor quantum 
efficiency (QE). Scientist claim that with the presence of hydrogen atoms, the QE of 
NIR emitting lanthanide ions is less than 0.01%.2 One of the approaches to overcome 
hydrogenated quenching is to replace all hydrogenated bonds with halogenated 
bonds (X-F, X-Cl and X-Br...), which have lower vibrational energies than 
hydrogenated bonds.44–46 Since the vibration frequency of halogenated bonds 
mismatch the vibration of lanthanide ions' excited state, the probability of 
nonradiative quenching is lower and gives these lanthanide ions longer lifetime. 
Herein, some fully-fluorinated materials have been reported to give orders of 
magnitude enhancement of the QE.2,44 
Despite fully-fluorinated materials have shown improvement of the QE, there is 
still a problem that hampers the performance of those materials. It is hard to 
synthesis a perfluorinated material in which the ligand could efficiently sensitise 
lanthanide ions. Also, most of the reported perfluorinated materials absorb at UV 
range, only a few of them are found to have sensitisation effect under visible light 
excitation. The enhancement of PL intensity via sensitisation has been quantitatively 
studied in some literature, but most of the reported PL intensity enhancements are 
very small, which are too weak to meet the industrial requirement.47,48 
In 2014, our research group discovered an alternative sensitisation approach that 
enables us to have four orders of magnitude enhancement on Er3+ 1.5 µm emission 
intensity.49 In this two-molecule system, we demonstrated that the energy could be 
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transferred from an organic chromophore molecule Zn(F-BTZ)2 to an organic Er3+ 
chelate complexes Er(F-TPIP)3 in thin films. Also, due to the perfluorination, the QE 
of Er3+ 1.5 um emission was increased to ~ 30%, which is the highest value of Er3+ QE 
in organic material system. Experimental results show that we only need a 3 mW 
405nm laser source to sensitise Er(F-TPIP)3 molecule to population inversion, which 
makes it promising to fabricate on-chip integrated optical amplifire by this composite 
material system.   
Some further researches have been done to quantitatively investigate the energy 
transfer mechanism and the PL intensity enhancement of the sensitisation approach 
mentioned above.50–52 Some preliminary analyses attribute the energy transfer 
mechanism to Förster resonant energy transfer (FRET), however, due to the 
complexity of lanthanide ions' energy levels, fine modelling of the excited state 
population is hard. Moreover, this sensitisation approach was only performed on Er3+ 
ions, and there is a lack of experiments to explore the sensitisation effect when the 
chromophore is doped with other NIR emitting lanthanide ions such as Nd3+, Yb3+ and 
Pr3+. So, in this project, I characterised the sensitisation effect from the Zn(F-BTZ)2 
chromophore on Nd3+ and Yb3+ ions. Also, I developed a rate constant model to 
simulate the dynamics of excited states during the sensitisation process.  
1.2 Overview of the project 
In this project, perfluorinated Yb3+ and Nd3+ organic chelate, Yb(F-TPIP)3 and Nd(F-
TPIP)3, are synthesised by incorporating Yb3+ and Nd3+ ions with a tetrakis-
(pentafluorophenyl)imidodiphosphinate, F-TPIP-1, ligand.44 The products are purified 
by thermal sublimation and fabricated as thin films via vacuum deposition. The 
spectral properties of pure Yb3+/Nd3+ films under direct excitation are identified by 
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photoluminescence(PL) and time-resolved photoluminescence(TRPL) measurements. 
It is noteworthy that the TRPL spectrum collected under vacuum environment shows 
a longer lifetime due to the reduce of H2O molecules in the air.    
  Furthermore, a thermal-stable and perfluorinated organic chromophore Zn(F-BTZ)2, 
zinc salt of 2-(tetrafluoro-2-hydroxyphenyl) tetrafluorobenzothiazole is synthesised 
and purified to make co-doped films with Yb(F-TPIP)3 or Nd(F-TPIP)3 complexes. 
Sensitized PL and TRPL spectra are also recorded and analysed. 
For those Yb(F-TPIP)3 and Zn(F-BTZ)2 co-doped film, a prolonged decay process 
with ~ 10 ms lifetime that exceeds the Yb3+ intrinsic 1ms lifetime is observed. This 
novel phenomenon could be explained by our rate equation simulation, which is 
attributed to the slow energy transfer from the triplet. Based on the results of the 
simulation, we performed low temperature (80K) TRPL measurement on the co-
doped film and successfully extended the prolonged lifetime to ~0.3 s. 
For the Nd(F-TPIP)3 and Zn(F-BTZ)2 co-doped film, the sensitised PL spectra show 
bright Nd3+ NIR emission that has peak intensities comparable to the emission 
intensity of the chromophore. The difference of triplet lifetime with or without the 
presence of Nd3+ indicate the energy coupling between Zn(F-BTZ)2 and Nd(F-TPIP)3 
are efficient. Thin films with different concentrations are fabricated to measure the 
photoluminescence excitation (PLE) spectra via direct excitation and sensitisation to 
calculate the PL intensity enhancement. At last, steady-state rate equations are used 
to simulate the power dependent PL process.   
1.3 Outline of the thesis 
Chapter 2 will give a literature review on the theories and researches that are 
related to this project. Firstly, the physics of lanthanide ions will be introduced to 
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give a concept about the spectral properties of lanthanide ions. Secondly, I will 
review some theories and materials about lanthanide ions in the organic 
environment. For example, details of the quenching mechanism and perfluorinated 
materials will be discussed. At last, photochemistry of organic chromophore will be 
explained, and some of the commonly used organic sensitisers will be introduced. It 
is noteworthy to stress that, in this chapter, I will have a discussion about two 
possible energy transfer mechanisms: Förster resonant energy transfer and Dexter 
energy transfer. And I will explain why Förster resonant energy transfer is a more 
suitable model for the material system in this project.  
In Chapter 3, I will introduce the instruments, materials and experimental designs 
that I used for this project. Firstly, the chemical synthesis process and structure 
properties of the materials in this project will be introduced. Then, I will present 
details of the instruments. At last, the design of the experiments will be proposed in 
order to demonstrate how the experimental data is collected and processed. 
In Chapter 4, I will present my results on Yb(F-TPIP)3 and Zn(F-BTZ)2 co-doped 
samples. Sensitized PL spectra, directly excited PL spectra and PLE spectra will be 
presented to demonstrate the sensitisation effect from Zn(F-BTZ)2 chromophore to 
Yb(F-TPIP)3 complexes. TRPL spectra in the air, under vacuum and under low 
temperature will be analysed to illustrate a prolonged decay process which has a 
lifetime longer than Yb3+ intrinsic lifetime. A rate equation model is built to simulate 
the excited state dynamics in order to explain the prolonged decay process.  
In Chapter 5, I will present experimental results on the Nd(F-TPIP)3 and Zn(F-BTZ)2 
co-doped samples. First of all, spectral properties of Nd(F-TPIP)3 will be characterised 
by directly exciting PL spectra, absorption spectra and excitation spectrum. Secondly, 
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TRPL spectra of pure Nd(F-TPIP)3 film will be presented to give QE of the material. 
Then, sensitised PL spectra of Nd(F-TPIP)3 and Zn(F-BTZ)2 co-doped films with 
different concentrations will be shown. At last, PLE spectra of different concentration 
films are present to quantitatively define the enhancement of PL intensity. Also, 
steady-state rate equations are built to simulate the PL intensity enhancement from 
sensitisation.  
In Chapter 6, I will conclude the research work in this project and have a discussion 
about future works. 
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Chapter 2. Literature review 
2.1 Electronic structure of lanthanide ions 
  2.1.1 Atomic orbit 
In quantum physics, electrons moving around a nuclei are considered as waves 
with a wavelength of 𝜆 = ℎ/𝑚𝑣, where 𝑚 is the mass of an electron, 𝑣 is the velocity 
of an electron and ℎ is Planck constant. The movement of an electron is described by 
the combination of its orbital motion and spin motion, which are defined by the 
angular momentum 𝑙 and the spin momentum 𝑠, respectively. In a polar coordinate, 
the wavefunction of an electron is expressed by the product of a radial function ℜ6,8, 
an angular function Φ8,:;, a spin function 𝑆:=  and a normalising factor N, shown in 
Equation (2-1): 
Ψ6,8,:;,:= = 𝑁 ∙ ℜ6,8(𝑟) ∙ Φ8,:;(𝜑, 𝜗) ∙ 𝑆:=                                                                    (2-1) 
  The principal quantum number 𝑛 is an integer (𝑛 = 1, 2, 3, ...) representing the size 
of electron orbital and the level of electron shell. The radius and energy of the 
electron orbital expand with the increase in principal quantum number 𝑛. 
  The angular quantum number	𝑙 is also an integer, but its value starts from 0 to 𝑛 −
1. According to the shape of their atomic spectra, with 𝑙 varies from 0 to 3, electron 
orbitals are represented by letters: 𝑠 (sharp), 𝑝 (principal), 𝑑 (diffuse), and 
𝑓(fundamental), respectively. For an electron shell with a principle number 𝑛, it can 
further split to several subshells with different quantum number 𝑙. Each subshell has 
2𝑙+1 orbitals and can maximumly contain 4𝑙+2 electrons. For lanthanide ions, the 
shapes of seven 4𝑓 orbitals (𝑛= 4, 𝑙= 3 ) are shown in Figure 2-1. 
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Figure 2-1. The shape of one-electron 𝟒𝒇 orbitals. From top to bottom and left 
to right, the angular functions of each orbital correspond to 4𝑓!"!#$%&#' , 
4𝑓&"%&#$!#', 4𝑓!&(, 4𝑓("!#$&#', 4𝑓!(#, 4𝑓&(#, and 4𝑓(#, respectively.53 
  Moreover, 𝑚8  is the projection of 𝑙 onto the z axis. Its value varies from −𝑙 to +𝑙 
and describes the orientation of an electron orbital. For the projection of spin 
quantum number 𝑠, which is termed as 𝑚N, it equals to +1/2 or -1/2. Pauli's principle 
suggests that two electrons orbiting around an atom must have at least one different 
quantum number, therefore, only two electrons with the different spin number can 
share a given orbital.  
  2.1.2 Electronic configuration 
  There are several ways to arrange electrons into each electron orbitals. The 
multiplicity of the electrons' arrangement depends on those quantum numbers we 




                                                                                                                           (2-2) 
  Take lanthanide ions’ 4f orbital as an example, if there are more than one electrons 
in an electron configuration, there could be a series of wavefunctions to associate 
them with the electron orbitals in the 4f subshell, given by 
{V𝑚8,𝑚NWX, V𝑚8,𝑚NWQ, V𝑚8,𝑚NWY ⋯ V𝑚8,𝑚NW6}. Each of these combinations is called a 
micro state. For an atom with n electrons, scientists use capital letter 𝐿 and 𝑆 to 
describe the total angular quantum number and the total spin quantum number. The 
projection of 𝐿 and 𝑆 is written as 𝑀^ and 𝑀', shown by equation (2-3).  
𝐿 = ∑ 𝑙`6`aX ,							𝑆 = ∑ 𝑆`6`aX ,			 							𝑀^ = ∑ (𝑚8)`6`aX , 								𝑀' = ∑ (𝑚N)`6`aX 				       (2-3) 
  Given the value of 𝐿  and 𝑆 , a micro state can be written as 2S+1𝛤  where 𝛤 
correspond to letters: S, P, D, F, G..., indicating the value of 𝐿 = 0, 1, 2, 3, 4 ... Due to 
the multiplicity of these micro states, finding out all of the micro states is tedious. 
However, determining the ground micro state is rather easier. According to Hund's 
rules54–56, ground terms should have the largest spin multiplicity and the largest 





, and their largest orbital multiplicity is 6 and 3. Thus, the ground terms of Nd3+ 
and Yb3+ can be written as 4I and 2F, respectively.  
  Nevertheless, the ground terms above do not take the coupling between spin 
motion and orbital motion into consideration. Russel and Saunders proposed a 
model that simplifies the spin-orbital coupling, which is known as L-S coupling57. L-S 
coupling introduces a new quantum number 𝐽 which is the sum of the overall angular 
quantum number 𝐿 and the overall spin quantum number 𝑆: 𝐽 = 𝐿 + 𝑆. If a ground 
state with quantum number 𝑛 , 𝐿  and 𝑆  is further split by L-S coupling, the 
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determination of the micro state is governed by the value of 𝐽, which varies from 
(𝐿 + 𝑆) to (𝐿 − 𝑆). The symbol of a micro state is then written as 2S+1𝛤d. Hund's third 
rule indicates that to define a ground micro state, the value of quantum number 𝐽 
should equal to 𝐽:`6 when 𝑛 < (2𝑙 + 1). Otherwise, its value should equal to 𝐽:gh. 
Thus, the ground states of Nd3+ and Yb3+ ions should be written as 4I9/2 and 2F7/2, 
respectively.  
  2.1.3 Lanthanide ions in a ligand field  
  If a lanthanide ion is placed into a ligand field, due to the perturbation of the ligand 
field, the energy of electron orbital is split again, giving rise to an increase in the 
multiplicity of micro state. To simplify the analysis of ligand field perturbation, in 
1965, B.G Wybourne suggested a model58 that introduce a ligand field parameter, 
𝐵jk, and a tensor operator, 𝐶j
(k), into the overall Hamilton operator to describe the 
wavefunction of lanthanide ions’ electron orbitals.  
  For the ligand field parameter 𝐵jk, 𝑘 is an even number that varies from 0 to 6, and 
𝑞 is a number which depends on the symmetry of the ligand field. The values of 𝑘 
and 𝑞  co-define the splitting distance of an micro state. Because the radius of 
lanthanide ions’ 4f orbitals is smaller than their 5s and 5p orbitals, the mixing of 
symmetry caused by the ligand field remains small and only gives several hundred 
cm-1 energy level splitting. An energy diagram for trivalent lanthanide ions that are 
doped in the LaF3 crystal was presented by Dieke et al. in 196359, shown by Figure 2-
2. The density of black lines indicates the level of energy splitting.  
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Figure 2-2. The energy level of Ln3+ ions in LaF3 crystal field.  
2.2 Spectral properties of Lanthanide ions 
  2.2.1 Absorption  
  Photons are regarded as massless particles that oscillate in a perpendicular electric-
magnetic field. When a photon is absorbed, it can promote an electron to a higher 
energy level. This process is known as photon absorption.  
  Three operators: electric dipole (ED) with odd parity, and magnetic dipole (MD), 
electric quadrupole (EQ) with even parity are used to describe the photon absorption 
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  There are three transition mechanisms that could happen when a lanthanide ion 
absorbs photons: 4f-4f transition, 4f-5d transition and metal-ligand charge-transfer 
transition (MLCT). Because 4f orbitals suffer less from the ligand perturbation, 4f-4f 
transitions always have a sharp band. In contrast, 4f-5d transition and MLCT have 
much broader transition bands than 4f-4f transition, since these two transitions are 
more likely to be influenced by the symmetry mixture from the ligand field. 
  Transition probabilities of these three transitions are also different. According to 
Laporte's parity selection rules, energy transfer between states with the same 
parities cannot be connected by the electric dipole(ED), which mean the 4f-4f 
transitions are parity forbidden. But, in reality, the 4f-4f transition is not strictly 
forbidden, the crystal field around a lanthanide ion enables configurations with 
opposite parities to mix into the 4fn configurations which partially allows the 
transition. Scientists call this mechanism as induced dipole transition. Nevertheless, 
the probability of the 4f-4f transition remains low. For lanthanide ions in some glass 
hosts, their absorption cross-sections are only about 10-20 to 10-21 cm2.33,60,61 Take 
some light-harvesting materials for comparison, these materials have absorption 
cross-sections from 10-15 to 10-16, which are 5 - 6 orders of magnitude larger than the 
lanthanide ions.62  
  Besides the ED dominated transitions, MD and EQ transitions also exist in the 4f-4f 
transition. However, even though these two transitions are allowed, their intensities 
are too weak to be observed in most cases. Herein, we don't take these two 
transitions into consideration. In addition, it's noteworthy that some of the induced 
 28 
ED 4f-4f transitions are particularly sensitive to the environment. Their absorption 
cross-section could change significantly in different ligand field or in different hosting 
environment.63 These transitions are called hypersensitive transitions.  
  2.2.2 Judd-Ofelt (J-O) theory 
  Although the induced 4f-4f transition was discovered very early, the quantitative 
calculation of its transition intensity remained challenging until the 1960s. Brian R. 
Judd and George S. Ofelt independently introduced a model to quantify the oscillator 
line strength so as to calculate the transition intensities of lanthanide ions’ ED 4f-4f 
transitions. In their models, the mixing of states with different parities is considered 
to be a first-order perturbation. If a state with opposite parity |𝑛|𝑙|𝛼||[𝑆||𝐿||]𝐽||𝑀||⟩, 
(simplify as |𝜓||⟩) is mixed into the 4fn configuration, the wavefunction of the two 
states in the 4fn configuration can be written as: 
∣ 𝐴⟩ =	∣ 4𝑓𝜓𝐽𝑀⟩ +y ⟨||⟩∣|∣OS
d⟩∣||⟩
((d)T((||)||
                                                        (2-5) 
∣ 𝐵⟩ =	∣ 4𝑓𝜓′𝐽′𝑀′⟩ +y ⟨||⟩∣|∣OS
|d||⟩∣||⟩
((|d|)T((||)||
                                                 (2-6) 
  The operator 𝐻′u  in Equation (2-5) and (2-6) represents the odd part of the crystal 
field. Hence, ED transition intensity S from ∣ 𝐴⟩	to ∣ 𝐵⟩ can be expressed by equation 
(2-7): 
𝑆 = 	 𝑒Q⟨𝐴 ∣ 𝐷jX ∣ 𝐵⟩Q                                                                                                         (2-7) 
If we ignore those parity forbidden transitions, Equation (2-7) can be deployed as: 
𝑆 = 𝑒Q 








                                                                     (2-8) 
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  Furthermore, to simplify Equation (2-8), three approximations are made: 
i. The perturbation configurations have the same energy as each other. 
ii. No ligand field energy level splitting from the perturbation configurations, the 
energy of perturbation configurations which contributes to the mixing of 
parity is considered as degenerate. 
iii. The energy of the perturbation configuration is much higher than the energy 
of the 4fn configurations.  
  With these three assumptions, the oscillator line strength of an induced ED 4f-4f 
transition can be simplified to the form shown by equation (2-9): 
𝑆 = 𝑒Q ∑
aQ,O,
𝛺⟨𝜓 ∣ 𝑈 ∣ 𝜓′⟩Q                                                                                        (2-9) 
  The J-O parameters Ω (𝜆 = 2, 4, 6) are three phenomenological parameters with 
unit cm2. Their value can be determined from the fitting results of J-O calculation. 
The details of J-O analyse will be introduced in the following sections. In Equation (2-
9), ⟨𝜓 ∣ 𝑈 ∣ 𝜓′⟩  is an irreducible matrix, 𝑈  is the irreducible tensor form of ED 
operator, and we use 𝑈(𝜆) = 	 ⟨𝜓 ∣ 𝑈 ∣ 𝜓′⟩Q  to describe the square of the 
irreducible matrix. Values of 𝑈(𝜆) have been calculated and reported in preliminary 
research and can be found in literature.64 
  Except directly calculating the values of the J-O parameters Ω, we can also obtain 
the oscillation line strength of the 4f-4f transition from the absorption spectrum of 
lanthanide ions. Shown in Equation (2-10), the values of the oscillator line strength 
are determined by several parameters: absorption coefficient 𝜀(𝑣) , initial state 




((2𝐽 + 1) × §6
(6«PQ)«
) ∫ ­(®)® 𝑑𝑣                                                          (2-10) 
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  Although MD and EQ contribute to the experimentally measured absorption spectra, 
the percentage of their contribution is too weak to be taken into account. Thus, we 
consider the transition peaks from lanthanide ions’ absorption spectra are solely due 
to the ED dominated transition. It need to be stressed that, hypersensitive transitions 
should be avoided, since the absorption coefficient at these wavelength varies 
significantly in different environments. 
  The values of the three JO parameters are obtained by fitting the experimentally 
measured oscillation line strength with Equation (2-10). Hence, feeding back these 
fitted values of Ω to equation (2-9) enables us to calculate the theoretical values of 
the oscillation line strengths at different transition wavelengths.   
  The value of oscillation line strength can be used to calculate the decay rate from 
lanthanide ions' excited states to their ground states, shown in Equation (2-11):  






𝑆(³´                                                                        (2-11) 
  In the Equation above, ℎ is plank constant, 𝑛 is the refractive index, 𝑣 is average 
wavelength and 𝑆(³ is the oscillator line strength.  
  For a certain radiative transition of lanthanide ions, the radiative decay rate can be 
directly calculated from the absorption peak, given by Equation (2-12):  
𝑅 ¯𝜓d, 𝜓|d° = 2303 ×
¥tu6«(QdPX)
ª(QdPX)
∫ 𝜀(𝑣)𝑑𝑣                                                            (2-12) 
  𝑁¡ is Avogadro’s constant, 𝑐 is the speed of light in vacuum, 𝑛 is refractive index, 
and 𝜀 is absorption coefficient. This way of calculating decay rates is widely used for 
calculating the radiative decay rate of Yb3+, since Yb3+ only has one energy level, the 
fitting of J-O parameters is not possible. 
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  It has to be stressed that the calculated decay rates always have large uncertainties, 
which is because it is difficult to accurately measure an absorption spectrum either 
in solution or crystal. Nevertheless, the decay rates obtained from JO calculation are 
still a vital parameter to determine lanthanide ions' intrinsic lifetime, which will be 
discussed in the following sections. 
  2.2.3 Emission spectrum 
  Once the electrons in the ground state are excited to a higher energy state, they 
have the chance to be deactivated to lower energy states. If the deactivation is 
accompanied by photon emission, this process is a radiative process. For lanthanide 
ions, radiative transition is more likely to happen between two energy states with a 
large energy gap. However, that doesn't mean all of the radiative transition is from 
the first excited state of lanthanide ions, in some inorganic hosts, scientists can 
observe radiative emission from the higher excited state of Er3+ and Pr3+ ions.65,66 
  For the populated excited states, the transition probabilities to different energy 
levels compete with each other. The probability of a transition is described by the 
decay rate, which can be calculated by Equation (2-11). For some of the lanthanide 
ions like Er3+, Yb3+ and Ho3+, their lowest excited states always have a large energy 
gap with their ground states whereas the rest of excited states are much closer to 
each other, and have relatively small energy gap. As a result, the transitions from 
higher energy states to the first excited state normally have several orders of 
magnitude faster decay rates than the transition rate from the first excited states to 
the ground state. Calculated by equation (2-11), the lifetime of a radiative process is 
the reverse of the decay rate.  
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   In reality, not all of the electrons in an excited state can decay to the ground state 
via the radiative route. Several nonradiative processes may quench the radiative 
decay process. Quenching routes can be various, such as inter-molecule energy 
transfer, multi-phonon relaxation, and concentration quenching. Shown in Equation 
(2-13), the efficiency of a radiative emission is given by the ratio between the 
electron population that radiatively decay to the ground state, 𝑁g¸, and the total 
number of electrons, 𝑁¹g8, in the excited state. Since this efficiency only considers 
the population at a single energy state, we call it internal quantum efficiency (IQE) or 
internal quantum yield (IQY).  
𝐼𝑄𝐸 = ¼½
¾¿¾¼;
                                                                                                                       (2-13) 
  IQE can also be written as the ratio between the observed emission lifetime and the 





                                                                                                             (2-14) 
  2.2.4 Quenching mechanisms 
  There are two major nonradiative quenching mechanisms for lanthanide ions: 
vibration induced multi-phonon relaxation and concentration quenching.  
  2.2.4.1 Multi-phonon relaxation 
  The multi-phonon relaxation quenching caused by hydrogenated bonds is one of 
the well-known quenching mechanisms for NIR emitting lanthanide ions such as Nd3+, 
Er3+, Yb3+ and Pr3+.41,42,67 For a multi-phonon relaxation quenching process, the 
quenching rate is temperature dependent, shown in Equation (2-15) and (2-16):  
𝑅®`Â = 	𝑅¢(1 − 𝑒
T ℏÄÅÆÇ)T`                                                                                              (2-15) 
𝑖 = É(
ℏÊ
                                                                                                                                (2-16) 
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		𝑅¢ is the quenching rate at 0 K, 𝑘Ë is Boltzmann’s constant, 𝜔 is the frequency of 
phonon,  𝑖 is the number of phonons required to bridge the energy gap between the 
emission energy state and the quenching centre. Equation (2-15) and (2-16) imply 
that vibration induced quenching process is highly dependent on the energy gap Δ𝐸 
between the excited state and quenching centre: the smaller the energy gap is, the 
easier for the nonradiative quenching to happen.   
  Figure 2-3 illustrates the energy level of three NIR emitting lanthanide ions and the 
bond vibration energy of X-H, X-D and X-F bonds (X= C, O, N...). According to Equation 
(2-15) and (2-16),  since the energy gap between the NIR emitting excited state of 
lanthanide ions and the second/third overtone of the C-H and O-H oscillator is small,  
the nonradiative quenching could dominate the depopulated process of lanthanide 
ions’ NIR emitting excited states. As a consequence, the presence of O-H and C-H 
bonds always result in poor quantum efficiency for the NIR emission of lanthanide 
ions. It has been proposed that lanthanide materials with the presence of X-H bonds 
normally have less than 0.1% quantum efficiency at their NIR emitting wavelength.2  
  It needs to be stressed that multiphoton relaxation quenching not only occurs at 
those chemical bonds that form the lanthanide complexes, but also at the hydrogen 
bond containing molecules that exist in the coordination sphere. The rate of the 
quenching from hydrogen-rich molecules is found to be dependent on the energy 
gap and the distance from quenching centre.68,69  
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Figure 2-3. The energy of Nd3, Er3+ and Yb3+ excited state and the vibration 
energy of X-H and X-D bond vibration (X= C and O). n is the number of overtone 
for the bond vibration. 
  2.2.4.2 Concentration quenching 
  Besides multi-phonon relaxation, scientists found that the IQE of lanthanide ions is 
also dependent on the ion concentration. It has been found that, in some hosts, with 
an increase in the lanthanide ions' concentration, the observed lanthanide ion's 
lifetime decreases.70,71  
  Two mechanisms can contribute to concentration quenching. The first mechanism 
is the energy migration between lanthanide ions. Once a lanthanide ion is excited, 
the energy of its excited state may migrate to a nearby ion instead of emitting a 
photon. The energy can hop between several ions before it reaches a quenching 
centre. With the increase in ion concentration, excited states could have more 
chance to migrate their energy to the nearby ions, which causes the reduction of the 
lifetime. 
  Another possible concentration quench route is attributed to ion-ion interactions. 
Ion-ion interactions include resonant energy transfer, upconversion and excited state 
absorption:  
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i. Resonant energy transfer: When an electron in an excited state decays to the 
ground state, it may promote a ground state electron of nearby ion to its 
excited state. This energy transfer process is nonradiative and dependent on 
the distance between two ions. With the increase in ion concentration, the 
distance between ions is closer and hence gives an enhanced resonant energy 
transfer rate to quench the radiative decay process.   
ii. Up-conversion(UC): Up-conversion is a process where an electron at an 
excited state gives its energy to another electron in an excited state and 
promotes it to an even higher energy state. The electron that is promoted to 
the higher energy state can either decay to the ground with the emission of 
a higher energy photon or non-radiatively decay back to the ground state.   
iii. Excited state absorption(ESA): The process of excited state absorption is 
similar to up-conversion, but they are different in the way to promote the 
excited electrons to a higher state. When ESA happens, electrons in an 
excited state can absorb another incident photon and be excited to a higher 
energy level. Hence, these excited electrons may decay back to the ground 
state radiatively or non-radiatively.   
2.3 Strategy to overcome multi-phonon relaxation 
  In view of energy conservation, quantum efficiency is a key parameter to evaluate 
the luminescence performance of the material. Even though diluting materials can 
reduce the concentration quenching, it doesn't necessarily improve IQE since the 
quenching by multi-phonon relaxation may still be present. Generally, there are 
three approaches72 to overcome the vibrational quenching (multi-phonon relaxation): 
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i. Use a multidentate ligand to fill the coordination sphere of lanthanide ions. 
Multidentate ligands can occupy a large space in the first coordination which 
can reduce the number of small molecules that contain hydrogenated bonds. 
This method is more effective in solution-based complexes or wet-
synthesised complexes since most of the organic solvents are hydrogen-rich.  
ii. Eliminate O-H groups in the binding pattern of the organic complexes or in 
the environment. Since the second overtone and third overtone of O-H bond 
vibration (~ 3000 cm-1) could be an intensive quenching route for NIR 
emission lanthanide ions, eliminating water molecules that surrounding a 
lanthanide ion becomes an important and effective approach to overcome 
multi-phonon relaxation quenching.  
iii. Reduce the bond vibration energy. Besides O-H bond vibration, C-H bond 
vibration with the energy of ~3000cm-1, is another key quenching factor. Even 
though C-H bond has lower energy than that of O-H bond, the second 
overtone and third overtone of its bond vibration frequency which 
correspond to the wavelength of ~1600 nm and ~1100 nm still well match the 
NIR emission energy. As a consequence, replacing H atoms with heavier 
atoms so as to reduce the vibration energy is considered to be promising to 
improve quantum efficiency. Halogenation and deuteriation are two well-
studied approaches.  
  2.3.1 Deuteriation 
  Because the mass of deuterium (D) atom is heavier than hydrogen, X-D (X=C, O..) 
bonds have lower vibration energy. The bond vibration energy of C-D bond and O-D 
bond are ~ 2000 cm-1 and ~ 2380 cm-1, respectively. Comparing with the energy of C-
 37 
H (~3000cm-1) and O-H bond (~3300cm-1) that shown in Figure 2-3, the energy gap 
between X-D bonds vibration and lanthanide ions’ NIR emission energy level is 
enlarged. Therefore, the quenching caused by X-D bonds should be less efficient than 
that caused by X-H bonds. There are several research groups that successfully 
synthesised deuterated organic complexes.73–75 Among these reported researches, 
there are broadly three methods to realise deuteriation: 
i. Exchange of labile acidic hydrogen atoms. 
ii. Use deuterated precursors. 
iii. Metal catalysed hydrogen–deuterium exchange. 
  Most of these deuterated lanthanide complexes demonstrate an enhancement of 
the luminescence lifetime. For example, Kropp et al., Freeman et al. and Dickens et 
al. 74–76 investigated the influence of X-H bond vibration from the solvent and used 
deuteriation method to improve the lifetime of Eu3+ ions.74–76 Their research 
indicates that by replacing the hydrogen-rich solvent with deuterated solvent, the 
luminescence lifetime and the intensity of Eu3+ ions’ emission are significantly 
increased.   
  Venchikov et al. systematically studied the influence of deuteration on two 𝛽-
diketonate complexes of ytterbium.77 The lifetime of non-deuterated and deuterated 
version of ytterbium complexes, Yb(TTA-X)3Phen and Yb(DBM-X)3Phen (X=H, D), are 
measured in toluene, CCl4 and deuterated DMSO solvent. An improved lifetime is 
observed from the Yb(TTA-D)3 complexes in the deuterated solvent, giving the 
highest quantum efficiency of 6%. In contrast, the non-deuterated material, Yb(TTA-
H)3, only produces 0.023% and 2.4% quantum efficiency in toluene and deuterated 
DMSO solvent, respectively. 
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  Winkless et al. and Tan et al. studied the effect of deuteration on Er3+, Nd3+ and Yb3+ 
𝛽-diketonate complexes.78,79 Their research suggest a linear reduction of quenching 
rate with the increase in deuteration level. The longest lifetime of each deuterated 
lanthanide complexes from their experiments is ~7 𝜇s for Er3+  at 1.5 𝜇m, ~4 𝜇s for 
Nd3+ at 1.34 𝜇m and ~289 𝜇s for Yb3+ at 0.98 𝜇m.    
  Hebbink et al. synthesised a group of fully deuterated NIR emitting complexes of 
Nd3+, Er3+ and Yb3+.80 TRPL spectrum of these deuterated complexes are measured in 
deuterated DMSO solvent, giving an average of ~ 2 to 3 times increase in their NIR 
luminescent lifetime. Assuming deuteration only causes a trivial change of the 
intrinsic lifetime, the quantum efficiency of these deuterated complexes are 
calculated, giving QE of 2% for Nd3+, 0.04% for Er3+ and 3% for Yb3+. The lower 
quantum efficiency of Er3+ than that of Nd3+ and Yb3+ is attributed to the smaller 
energy gap between the NIR excited state of Er3+ and X-D bond energy (except the 
Nd3+ 4F3/2 -> 4I15/2 transition).   
  It’s noteworthy that deuterated Yb3+ complexes always have a longer lifetime than 
these deuterated Nd3+ and Er3+ complexes. It is because Yb3+ 0.98 𝜇m transition has 
a much larger energy gap with C-D oscillator than those for Nd3+ and Er3+.  
  2.3.2 Perfluorination 
  Although deuteration has been proved to be able to increase the quantum 
efficiency of NIR emission, due to the insufficient energy separation, nonradiative 
multi-phonon quenching process is still a dominant factor that significantly limited 
the quantum efficiency of lanthanide ions’ NIR emission, especially for  Nd3+ and Er3+ 
ions. Halogenation, become the most favourable approach. 
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  Shown by Figure 2-3, the bond vibration energy of C-F bond ( ~830 cm-1 ) is much 
smaller than those lanthanide ions’ NIR emitting energy levels, which means the 
multi-phonon quenching rate from C-F oscillator should be very slow. Quochi et al. 
developed a model to study the quenching mechanism for Er3+ 1.5 𝜇m emission.81 
Their simulation suggests that fully fluorinated materials have the potential to 
produce significant quantum efficiency due to the removal of high energy C-H 
oscillator. Researches from many groups strongly supported Quochi et al.'s 
prediction. The reduction of multi-phonon relaxation quenching is proved to be 
overwhelming on most of those perfluorinated NIR emitting lanthanide complexes.   
  Hu et al. developed an new type of ytterbium porpholactone with 𝛽-
fluoroporpholactone substituents, [(cyclopentadienyl)tris(di(methyl-
d3)phosphito)cobaltate], [D18]-LLOME.82  A clearly extented lifetime caused by 
fluorination was demonstrated by comparing the luminescence lifetime between the 
perfluorinated complexes and non-fluorinated complexes. The lifetime of Yb3+ is 
obtained in deuterated CD2Cl2 solvent, giving 0.6 ms lifetime and ~60% internal 
quantum efficiency.  
  Norton et al. prepared a series of efficient NIR emitting organic compounds of Nd3+, 
Er3+ and Tm3+.83 Lanthanide organic complexes, Ln(OC6F5)3, are formed by 
incorporating lanthanide ions with three perfluorinated ligand OC6F5. According to 
the J-O calculation, Nd3+ complexes have ~2% quantum efficiency, Er3+ complexes 
have ~16% quantum efficiency and Tm3+ complexes have around 4.5% quantum 
efficiency. In addition, they also demonstrate that by replacing Ln=O bond with Ln=S 
bond, the NIR quantum efficiencies of these three lanthanide ions are found to be 
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greater (9% for Nd3+ and 75% for Er3+). That indicates the vibration of Ln-X bonds 
could be another significant quenching centre to lanthanide ions’ NIR emission. 
  Monguzzi et al. synthesised two highly fluorinated Er3+ complexes, in which an Er3+ 
ion forms a chelating structure with two perfluorinated ligands, OP(C6F5)3 and a 
perfluorinated or partially fluorinated ligand acac-F7 or Hacac-F6.84 The Er3+ 1.5 𝜇m 
lifetime of the partially fluorinated complexes is 2.4 𝜇s, whereas the perfluorinated 
complexes can give 16.8 𝜇s Er3+ NIR emission lifetime. The difference of Er3+ lifetime 
given by these two materials suggests that even though there is only one H atom that 
hasn’t been replaced by F atom, the radiative decay of Er3+ 1.5 𝜇m emission could be 
vastly quenched. They also explained the reason why the quantum efficiency of their 
material is much smaller than 100%. They assume it is due to the presence of 
hydrogen-containing molecules in the coordination sphere of these complexes. 
  Hasegawa et al. synthesised an Nd3+ complexes Nd(pos)3 to investigate the NIR 
emission property of Nd3+ ions. The ligand they use is a perfluorooctylsulfonyl amine, 
which can form a strong shielding coordination sphere to enclose Nd3+ ions. The 
quantum efficiency of this material is compared with several partially or fully 
fluorinated Nd3+ complexes that have different ligand chain lengths and coordination 
structures with Nd3+ ions. Due to the longer chain length and perfluorination, 
Nd(pos)3 complexes exhibits the best quantum efficiency (~3%) among those 
materials that were taken into comparison.   
  Gao et al. use a perfluorinated carboxylic acid ligand to make Nd3+ containing 
complexes in which two Nd3+ ions are coordinated with six O atoms and two N atoms. 
The molecule is then bridged by a pentafluoropropionic acid anion group to form a 
binuclear structure.85 They observed significantly long Nd3+ NIR emitting lifetime that 
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can reach up to several hundred microseconds. For the non-fluorinated Nd-
carboxylic acid ligand complexes, the measured lifetime is only a few microseconds.  
  Perfluorodiphenylphosphinic acid is another favourable ligand to increase 
lanthanide ions’ QE. Lanthanide complexes based on this ligand have been proposed 
by Song et al., Zheng et al. and Tian et al.86–88 These ligands show a strong 
hydrophobic characteristic that only allow few solvent molecules to enter the ligand 
field which is another advantage to enhance the luminescence property of these 
lanthanide ions. In these researches, the perfluorinated Er3+ and Yb3+ complexes 
demonstrate ~50 times and ~150 times longer lifetime than hydrogenated version of 
these complexes. In addition, this fluorinated material has a rod-like structure with 
50~200nm diameter and 1~10 𝑢m length, which make it a good candidate for 
lanthanide-containing nanowires. 
  Another remarkable perfluorinated ligand is the perfluoro-tetrakisphenyl-
imidodiphosphinates, (F-TPIP) ligand. The hydrogenated version of this ligand was 
proposed by Bassett et al., in which one trivalent lanthanide ion can form two Ln=O 
bonds with the HTPIP ligands89. There are 12 phenyl rings in total (four on each ligand) 
to form a ‘sphere-like’ protective shell around the centred lanthanide ion. This shell 
structure can potentially prevent the interaction between lanthanide ions and 
hydrogenated molecules that present in the coordination sphere. Therefore, the 
lifetime of the lanthanide ions is significantly improved even when they bind with 
these hydrogenated ligands. For the powder of Nd3+(tpip)3, Er(tpip)3  and Yb(tpip)3 
complexes, their lifetimes are 1.2 𝜇s, 2.3 𝜇s and 17.8 𝜇s, respectively. Moreover, the 
perfluorinated version of the HTPIP ligand, HFTPIP is investigated by Glover et al. 
(Figure 2-4). Due to the removal of C-H bonds, there is a remarkable improvement of 
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these lanthanide ions' NIR emission lifetime, giving ~40 𝑢s lifetime for Nd3+, ~500 𝑢s 
for Er3+ and ~ 1 ms for Yb3+.2,44  
 
Figure 2-4. Structure of Ln(F-TPIP)3. Ln = Er3+, Yb3+, Nd3+ and Y3+ 
  2.3.3 Other effects of fluorination 
  Whilst there are shielding effect from 5s and 5p orbitals, the strong 
electronegativity of fluorine has a more intensive perturbation on the wavefunction 
of electrons in 4f orbitals. As a consequence, the oscillation line strength of 
lanthanide ions' 4f-4f transition may vary a lot in a fluorinated ligand field which 
indicates the intrinsic radiative lifetime of lanthanide ions could be of a great 
difference in fluorinated or non-fluorinated materials. In most cases, the intrinsic 
radiative lifetime in fluorinated materials is reported to be shorter than the intrinsic 
radiative lifetime in non-fluorinated materials. H.Ye et al. quantitatively investigated 
the influence of fluorination on several non-fluorinated or perfluorinated organic 
ligands. Their J-O calculation results indicate that the value of ΩQ and lanthanide ions’ 
intrinsic lifetime are highly dependent on fluorination. The intrinsic lifetime of Er3+ 
ions in Er(F-TPIP)3 complex reduce from ~18ms to ~12ms with respective to the 
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hydrogenated complex Er(T-PIP)3. H.Ye et al. attribute this reduction of lifetime to 
the enhanced perturbation from the fluorinated bond. That implies an increase in 
the transition probability between those energy levels in Er3+ ions’ 4f orbitals.  
2.4 Organic photochemistry and sensitisation 
  2.4.1 𝜎 bond, 𝜋 bond, HOMO and LUMO 
  There are two types of covalent bonds existing in organic materials: 𝜎 bond and 𝜋 
bond. A 𝜎 bond is formed by two head-on overlapping electron orbitals. It is stable 
and has stronger bond energy than another type of covalent bond, and electrons are 
firmly confined in 𝑎	𝜎 bond.  
  Different from 𝜎 bond, a 𝜋 bond is formed when the lobes of two parallel p orbitals 
or d orbitals (in few cases) overlap with each other. Because the wavefunction 
overlap to form 𝜋 bond is smaller than 𝜎 bond, a 𝜋 bond has weaker energy than 𝜎 
bond. Therefore, electrons can be delocalised in a 𝜋 bond and have higher mobility.  
  According to molecular orbital theory, if two atoms form a 𝜋 bond, the lobes of their 
p orbitals could interact constructively or destructively with each other. Constructive 
interaction will increase the electron density of the molecular orbital and form a low 
energy molecular orbital, 𝜋 orbital, whereas destructive interaction will lead to the 
reduction of electron density and form a high energy molecular orbital, 𝜋* orbital. If 
the molecule is at its ground state, electrons are more likely to occupy the low energy 
orbital and leave the high energy molecular orbital empty. The 𝜋 bond that has 
conjugated 𝜋 orbital and 𝜋* orbital is known as conjugated 𝜋 bond. The highest 
energy molecular orbital that has electrons in it is called HOMO, and the lowest 
empty molecular orbital is called LUMO. By absorbing energy, electrons can be 
promoted from HOMO to LUMO. 
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  Since 𝜋 bonds have less confinement on electrons, when organic molecules are 
bonded to each other by Van der Waals force, electrons have the ability to hop from 
one individual molecule to another so as to realise intermolecular charge transport.   
  2.4.2 Singlet, triplet, intersystem crossing (ISC) and reverse intersystem crossing 
(RISC) 
  2.4.2.1 Singlet and triplet 
  Shown by Figure 2-5, a singlet state is defined when the paired electrons have the 
opposite spin, which indicates that the spin angular momentum ms of a singlet has 
to be 0. In contrast, paired electrons for triplet state have the same spin. According 
to Pauli's exclusive rules, electrons with the same spin can't share an electron orbital. 
Thus there could be three types of triplet states with spin angular momentum ms 
equal to 1, -1 and 0 (shown in Figure 2-5).  
 
Figure 2-5 Spin diagram of triplet and singlet. 𝒎𝒔  is the projection of spin 
momentum on Z axis  
  For organic semiconductor, electron excitation from an initial state (𝛹¢ ) to an 
excited state (𝛹¢ ) can be described by a Hamiltonian operator which is the 
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combination of a momentum operator ℋ , a potential operator 𝒱  and a photon 
excitation operator ℋ′. Born-Oppenheimer approximation regards the motion of the 
electron independent from the motion of the nuclei. Thus the probability of the 
transition from Ψ¢ to ΨX can be given by Equation (2-17) in which 𝑀 is the dipole 
transition operator between the ground state and the excited state. 
𝑓 = 	 ⟨𝜓¢|𝑀|𝜓X⟩Q                                                                                                            (2-17) 
		 Herein, the overall wavefunction, 𝜓 , can be resolved into three individual 
wavefunctions to represent the electron orbital motion(𝜓r ), spin motion(𝜓N) and 
vibration(𝜓®). Since the spin and vibrational motion are not sensitive to the electric 
field of the excitation photon, we only take the dipole transition operator 𝑀 into the 
orbital motion wavefunction. Hence, Equation (2-17) can be further resolved to 
Equation (2-18): 
𝑓 = 	 ⟨𝜓r¢|𝑀|𝜓rX⟩Q⟨𝜓N¢|𝜓NX⟩Q⟨𝜓®¢|𝜓®X⟩Q                                                                 (2-18) 
  Equation (2-18) is a reflection of LaPorte's selection rules. A transition can only be 
allowed if all of those three transition terms in Equation (2-18) are non-zero. For the 
electron orbital wavefunction 𝜓r , its transition operator 𝑀  is an odd operator. 
Therefore the parity of the excited state and the ground state must be opposite to 
allow the transition. In other words, the rearrangement of electrons requires the 
change of dipole moment.  
  As for the spin wavefunction, transitions only happen between two states with the 
same spin (Δ𝑆 = 0). Thus, the transition between the singlet ground state and the 
singlet excited state is allowed giving a transition rate of ~108 s-1. We call the emission 
process from the singlet excited states to the singlet ground states fluorescence. In 
contrast, the transition between triplet and singlet has Δ𝑆 ≠ 0, which indicates the 
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transition is forbidden and has a much slower rate than the singlet decay rate. The 
luminescence from the triplet is termed phosphorescence.  
  2.4.2.2 Intersystem crossing (ISC) and reverse intersystem crossing (RISC) 
  Although the transition from triplet to singlet is forbidden by the spin selection rules, 
it can be relaxed in some cases. The relaxation of the spin forbidden transition relies 
on spin-orbital coupling, also known as Russell-Saunders coupling (L-S coupling). L-S 
coupling allows the mix of wavefunctions between different electron states, which 
enables singlets and triplets to be transferred to each other. Due to the mix of singlet 
and triplet, selection rules are relatively relaxed, which makes the transition between 
singlet state and triplet become more favourable and partially allowed. The process 
in which singlet excited states are converted to triplet excited states is called 
intersystem crossing (ISC). 
  The efficiency of intersystem crossing is determined by how strong the L-S coupling 
is. It has been proposed that the presence of heavy atoms can enhance the level of 
L-S coupling. Since heavy atoms, such as some metal atoms, can introduce more 
intense perturbation to the L-S coupling, the intensity of spin-orbital coupling could 
be stronger than spin-spin coupling and orbital-orbital coupling. As a result, more 
singlets can be converted to triplets so as to give bright phosphorescence emission. 
This process is known as the heavy atom effect.  
  Even though the presence of heavy atoms allows more singlets to be converted to 
triplets, the transition from triplets to ground states is still a forbidden transition 
which means the decay rate from the triplets to the ground states is still low. 
Phosphorescence normally has ~ millisecond lifetime at room temperature and up to 
seconds lifetime at low temperature.90 Organic materials with long triplet lifetime 
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have excellent ability to transfer energy to other molecules because the their decay 
rates are low enough to allow any energy transfer process to compete with them.  
  Reversely, the process that converted triplets to singlets is called reversed 
intersystem crossing (RISC)91. The value of the RISC can be calculated by equation (2-
19)52: 
𝑅+)'* = 𝑅)'* × e
T △×ØÙ×Ç                                                                                                     (2-19) 
  ∆E (eV) is the energy gap between S1 and T1 states, KB is the Boltzmann constant 
(8.6× 10-5 eV/K), 𝑅)'*  is the rate of intersystem crossing(ISC). Equation (2-19) 
indicates that RISC process is more favourable at high temperature and in the 
material system that have a small energy gap between singlet and triplet.   
  2.4.3 Excited state dynamics of organic semiconductor 
  Once an organic semiconductor is photoexcited, population will be built up and 
finally reach equilibrium in each excited state. The dynamics of excited states is an 
interpretation of the energy transfer within or between molecules. These energy 
transfer processes can be described by a Jablonski diagram, shown in Figure 2-6.  
  There are several energy transfer processes between the energy states of organic 
semiconductors. Once an organic semiconductor absorbs photons, electrons in the 
ground state (S0) are promoted to the excited singlet states (S1). Hence, the fast 
relaxation process allows electrons at a higher vibrational energy level to be 
deactivated to the lowest singlet state. Then, electrons in the lowest singlet state can 
radiatively decay to the ground state. Also, the population in singlet excited states 
can be converted to triplets via ISC route. Then, these triplet states can radiatively 
decay to ground singlet state with a long-lived phosphorescence. Additionally, there 
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is another process that may depopulate the triplets, known as triplet-triplet 
annihilation (TTA). This process happens between two nearby triplets when one of 
the triplets is non-radiatively deactivated to the ground state and promotes another 
triplet to a higher energy singlet or triplet state. The rate of TTA process is 
proportional to temperature and triplet concentration. 
 
Figure 2-6. A Jablonski diagram to describe the dynamic of the excited state in 
organic semiconductors 
  The rate constants of those processes in the Jablonski diagram can be calculated 
from Fermi golden rule, shown by Equation (2-20):  
R = 	 Qt
s
|∫⟨𝜑¢|Η|𝜑X⟩𝑑𝜏|Q𝜌®                                                                                          (2-20) 
		Η is the Hamiltonian operator that dominates the transition from 𝜑¢ state to 𝜑X 
state. 𝜌® is the vibrational state density of 𝜑X state. For example, since the internal 
conversion process is caused by the nonradiative relaxation from the higher 
vibrational state to the lowest state, the dominate operator 𝛨  is a vibrational 
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operator. As for the intersystem crossing process, it is dominated by L-S coupling and 
has a rate constant with the value of ~108 to 1010 s-1.92  
  It is noteworthy that the dynamic of the population in the excited states is 
influenced by the competition between those energy transfer processes mentioned 
in the Jablonski diagram. The rate constant of each process is a reflection of the 
electron transition probability via a certain pathway. Using rate constant equation to 
simulate the electron transportation between different energy states is an important 
method to study the excited state dynamic equilibrium. 
  2.4.4 Energy transfer between molecules 
  In a two-molecule system, the molecule that gives out energy is termed ‘donor’, and 
the molecule that accepts energy is called the ‘acceptor’. The relationship between 
donor and acceptor can be described by Equation (2-21):  
𝐷∗ + 𝐴 → 𝐷 + 𝐴∗                                                                                                            (2-21) 
  By transferring energy to an acceptor, a donor loses its energy and decays to the 
ground state. Thus the energy transfer process is also considered as the quenching 
from the acceptor. Generally, there are three types of energy transfer mechanism: 
  2.4.4.1 Radiative energy transfer  
  The photons emitted by the donor molecules can be directly absorbed by an 
acceptor. This energy transfer route occurs between two distant molecules as long 
as the transition in the acceptor material is allowed by selection rules. However, this 
radiative energy transfer is extremely inefficient since high acceptor concentrations 
are needed to capture photons emitted by the donor material.  
  2.4.4.2 Dexter energy transfer 
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  Dexter energy transfer is also known as Dexter electron exchange. Shown in Figure 
2-7, an electron in the donor's excited state can be transferred to the excited state 
of the acceptor material, and the ground state of the acceptor material will then give 
one electron to the ground state of the donor material.   
 
Figure 2-7 Diagram of Dexter electron exchange energy transfer. 
  Because there is an electron exchange mechanism between the donor and the 
acceptor, Dexter energy transfer requires wavefunction overlap. The energy transfer 
rate of Dexter energy transfer is given by Equation (2-22) and Equation (2-23):  
𝑅³(& = 𝐽𝑒
T«áªâ                                                                                                                  (2-22) 
𝐽 = ∫ 𝑓³(𝜆)𝜀¡(𝜆)𝑑𝜆                                                                                                          (2-23) 
		𝐽  is the spectral overlap integral between the acceptor material and the donor 
material, 𝑟³¡ and 𝐿 is the separation distance and Van der Waals radius of the donor 
and the acceptor materials. These two equations indicate that the Dexter energy 
transfer rate has an exponential decay relationship with the separation distance 𝑟³¡. 
Therefore, small separation distance is necessary to achieve efficient electron 
exchange. The maximum separation distance of Dexter is around 50 pm. 
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  2.4.4.3 Förster resonant energy transfer(FRET)  
  Energy can be transferred through the resonant between the excited state of donor 
material and the ground state of acceptor material. Shown by Figure 2-8, once the 
resonant happens, one electron in a donor's excite state gives its energy to an 
electron in an acceptor's ground state to excite the acceptor material. 
 
Figure 2-8. Diagram of  Förster resonant energy transfer. 








                                                                                                       (2-24) 
𝑅¢ 	= 	8.79 × 10Té × ¯
ê«×ëä
6±
° × 𝐽(𝜆)                                                                        (2-25) 
𝐽(𝜆) = 	∫ 𝐹³(𝜆) × 𝜀¡(𝜆) × 𝜆O𝑑𝜆                                                                                   (2-26) 
  In Equation (2-24), τî  is the donor radiative decay lifetime in the absence of 
acceptor, R0 is the Förster radius and r is the distribution distance between molecules. 
In Equation (2-25), QD is the quantum yield of the donor material, 𝑛 is the refractive 
index, 𝜅Q  is the orientation factor between two coupled dipoles and 𝐽(𝜆)  is the 
spectral overlap integral between the donor and acceptor. Those equations suggest 
that the efficiency of FRET also depends on the molecular distance. However, the 
maximum working distance of FRET is longer than Dexter energy transfer. From the 
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literature, FRET is efficient unless the molecular distance between the donor and 
acceptor is greater than ~10 Å.  
2.5 Sensitisation effect on lanthanide ions 
  Restricted by the selection rules, the oscillator strength of lanthanide ion’s ED 4f-4f 
transition is very weak and gives the 4f-4f transition small absorption cross-section. 
Unless extremely high pump power density is applied, it is hard to generate 
significant excited state population for lanthanide ions. To reduce the pump power 
density, scientists worked out an alternative approach to indirectly excite lanthanide 
ions, known as sensitisation or antenna effect. 
  2.5.1 Sensitisation in inorganic material system  
  Sensitisation can be achieved either in the inorganic or organic material system. In 
inorganic system, charge transfer between excited states can populate lanthanide 
ions' excited states. For example, using Yb3+ ions to sensitise Er3+ ions has been well 
studied.93,94 Since Yb3+ has similar chemical properties as Er3+, it’s easy to dope Yb3+ 
ions into Er3+ ions containing inorganic hosts. In addition, Yb3+ ion’s 2F5/2 energy level 
has a good energy match with Er3+ ion’s 4I11/2 energy level, thus electron transfer from 
Yb3+ excited states could be efficient. Most importantly, because Yb3+ normally has a 
larger absorption cross section (approximately 10 times larger) than Er3+ at ~ 980 nm 
wavelength, doping Yb3+ can reduce the pump power density to generate Er3+ 1.5 𝑢m 
emission.  
   2.5.2 Sensitised lanthanide NIR emission via organic chromophores 
   Sensitisation is much more frequently employed in organic lanthanide materials. 
Comparing to inorganic sensitiser, organic system has an advantage on the numerous 
selections of light-harvesting sensitisers. It has been found that some organic 
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chromophores have remarkably large absorption cross-section with values from ~   
10-15 to 10-16 cm2, which is 5 to 6 order of magnitude larger than lanthanide ions.62 
The energy transfer diagram of organic sensitisation is illustrated in Figure 2-9.   
 
Figure 2-9. Energy transfer scheme from the sensitiser to Nd3+, Er3+ and Yb3+ 
ions. The energy transfer mechanism could be Dexter electron exchange energy 
transfer or Förster resonant energy transfer.  
  Herein, we use organic chromophore as the energy donor, and lanthanide ion as the 
acceptor. There has to be a Hamilton operator 𝐻`6 to connect the excited state of 
lanthanide and the excited state of the organic chromophore in order to describe the 
energy transfer interaction between the donor and the acceptor. According to 




|⟨𝐶ℎ𝑟, 𝐿𝑛∗|𝐻`6|𝐶ℎ𝑟∗, 𝐿𝑛⟩|Q ∫ 𝑔*s(𝐸)𝑔^6(𝐸)𝑑𝐸                                     (2-27) 
  In Equation (2-27), ⟨𝐶ℎ𝑟, 𝐿𝑛∗| and |𝐶ℎ𝑟∗, 𝐿𝑛⟩ are the initial and final state of the 
chromophore and lanthanide, 𝑔*s(𝐸)  and 𝑔^6(𝐸)  are the density of state. The 
energy transfer from chromophore to lanthanide ions can either follow the Dexter 
electron exchange energy transfer or the Förster resonant energy transfer which are 
mentioned in previous sections. For the energy transfer from a chromophore to a 
lanthanide ion, the selection rules are different for these two types of energy transfer. 
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Since Förster resonant energy transfer is dominated by electric dipole interactions, 
∆𝐽 = 2, 4, 6 is required to allow the energy transfer. For the exchange-based Dexter 
energy transfer, an allowed transfer is given by ∆𝐽 = 0, 1 (𝐽 = 𝐽| = 0	is excluded).    
  Several research groups have reported sensitised and enhanced lanthanide 
luminescence by incorporating lanthanide ions with some light-harvesting organic 
ligand. Sensitisation from singlet and triplet are both observed in different material 
systems. However, it is commonly agreed that triplet energy transfer could be more 
efficient than singlet energy transfer, since singlet energy transfer rate may be not 
fast enough to compete with other depopulation processes of the singlet.  
  Experimentally, photoluminescence excitation (PLE) spectrum should be compared 
to the absorption spectra of the sensitiser in order to give evidence of sensitisation. 
Besides, the energy transfer rate can be directly obtained from the difference of 
sensitiser's lifetime with the presence or in the absence of lanthanide ions in the 
ligand field.  
  In particular, some research groups quantitatively studied the enhancement of PL 
intensity by calculating the ratio of PL intensity when lanthanide ions are directly 
excited and sensitised. They suggest that the enhancement of PL intensity could be 
significant if the energy transfer is efficient. The maximum reported enhancement of 
PL intensity is around four orders of magnitude.51 
  2.5.3 Back energy transfer 
  The reverse energy transfer process in which energy is transferred from lanthanide 
to chromophore, known as back energy transfer, could be an important factor that 
stops efficient sensitisation. This back energy transfer mechanism is typically assisted 
by vibration, the energy gap and temperature could be two dominant factors that 
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influence the back energy transfer rate. By far, back energy transfer is commonly 
observed from visible emitting lanthanide complexes, such as Eu3+ and Tb3+ 
complexes. For example, Katagiri et al.95 and Miyata et al.96 observed efficient back 
energy transfer from Eu3+ and Tb3+ to a hexafluoroacetylacetonato, HFA ligand. They 
attribute the high back energy transfer rate to the small energy gap between the 
lowest excited state of these two lanthanide ions and the triplet state of HFA ligand.  
  2.5.4 Representative organic sensitisation materials  
  According to the factors that influence sensitisation efficiency that we introduced 
in the previous sections. An ideal sensitiser has to meet these following requirements: 
I. Large absorption cross-section. Using a light-harvesting chromophore is 
fundamental to reduce the pump power density that creates significant 
lanthanide excited state population. 
II. High ISC rate. Since the energy transfer from triplet is more efficient, a high 
ISC rate is desired to generate more population in the triplet state. 
III. Broad visible emission band. A broad emission band lead to the good spectral 
overlap with those visible absorption band of NIR emitting lanthanide ions 
such as Nd3+, Er3+ and Pr3+, which then produces a high energy transfer rate. 
Since the relaxation from lanthanide ions’ higher excited state to the lowest 
excited state could be fast, the back energy transfer mechanism is considered 
to be trivial here.   
  In most of the reported material systems, the organic chromophore ligand is directly 
incorporated with lanthanide ions to sensitise the lanthanide ions. By exciting the 
chromophore ligand, the energy of ligand's excited state can be transferred to 
lanthanide ion via Dexter electron energy transfer or Förster resonant energy 
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transfer. Given the complexity of the energy level of organic semiconductors, it is 
hard to quantitatively analyse the energy transfer mechanism. But, still, there are 
many research groups that reported successfully sensitised lanthanide organic 
complexes.        
  One sensitisation approaches is to dope lanthanide ions into nanoparticles and 
functionalise these doped nanoparticles with light harvesting chromophores. A 
typically used nanoparticle is NaYF4,97 it is widely used to obtain the up-conversion 
light emission from NIR emitting lanthanide ions such as Er3+, Yb3+ and Nd3+.98 
However, in some cases, there are also observed sensitisation that produces NIR 
emission. Lu et al. use 2-hydroxyperfluoroanthraquinone chromophore to 
functionalise the Yb-doped NAyF4 nanoparticles.99 Sensitisation is achieved via visible 
light excitation to the chromophore. Due to the strong light-absorbing ability of the 
chromophore, Yb3+ 1 𝜇m PL intensity is increased by 300 times. Additionally,  since 
there is a lack of hydrogen bonds around lanthanide ions, these materials can also 
give long radiative lifetime. The highest quantum efficiency given by Yb3+ doped 
NaYF4 nanoparticles is ~50%. 
  Werts et al. used two derivatives of the diethylenetriaminepentaacetic acid (DTPA) 
as a sensitiser to form chelating complexes with Yb3+, Nd3+ and Er3+.100 The excellent 
agreement between the sensitisers' absorption spectra and lanthanide complexes' 
excitation spectra gives direct evidence of the antenna effect from the chromophore 
ligand. Moreover, from the excitation spectrum, there are no direct excitation peaks 
of these three lanthanide ions, such as 570 nm for Nd3+, 520 nm for Er3+. That 
indicates the excitation pathway via chromophore's sensitisation is generating 
significant higher PL intensity than direct excitation. They also attribute this 
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sensitisation mechanism to the energy transfer from triplet to the excited state of 
these lanthanide ions. 
  Both David et al.101 and Klink et al.102 developed a novel approach that use transition 
metal Ru2+ complexes as the sensitiser to excite NIR emitting lanthanide ions. 
Complexes of two NIR emitting lanthanide ions, Nd3+ and Yb3+ are coordinated to a 
transition metal complexes Ru2+ tris (bipyridine). Both complexes show that the 
direct excitation to the ligand and the metal-ligand charge transfer can generate 
sensitised luminescence of lanthanide ions. Similar studies are also produced by 
Shavaleev et al.,103 Ward et al. 104 and Chen et al.105, several d-block metal complexes 
are proposed to enhance the luminescence performance of NIR emitting lanthanide 
ions.  
  Although a lot of sensitisers have been proposed to be able to sensitise lanthanide 
ions, due to the quenching effect from C-H, O-H and N-H bonds, the luminescence 
performances of these materials are still limited. Thus, there are several research 
groups that attempt to develop fluorinated or perfluorinated ligand to obtain 
enhanced sensitisation on NIR emitting lanthanide ions. 
  Monguzzi et al. reported the synthesis and the photoluminescence property of a 
Er3+ heptafluoroacetylacetonate complexes, [Er(acac-F7)3(OP(C6F5)3)2]. Upon UV 
excitation, sensitised PL of Er3+ is observed with a lifetime of ~16.8 𝜇s, giving ~0.1% 
quantum efficiency.84 They also attempted to incorporate Er3+ ions into zeolite 
nanochannels and use a perfluorinated dye, decafluorobenzophenone (DFB), to 
sensitise the Er3+ ions.106 It has been demonstrated that removing water molecules 
from zeolite and using perfluorinated organic molecules could result in strongly 
enhanced Er3+ NIR emission with an extended lifetime (~0.38 ms).  
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   Peng et al. synthesised a series of visible range absorbing perfluorinated 𝛽-
diketonate ligand to photosensitise Er3+ ions.107 These perfluorinated ligands can be 
excited by visible light up to ~500nm wavelength and have emission peaks at ~600 
nm, which suggests a potentially good energy coupling with the visible absorption of 
Er3+. They reported ~ 10 𝜇s Er3+ 1540nm lifetime out of these complexes. Also, 
efficient sensitisations are observed from all of these complexes, giving a minimally 
50 times enhanced PL intensity of Er3+ 1.5 𝜇m emission. There are also some other 
reported visible absorbing perfluorinated ligands that give rise to the sensitised NIR 
emission of Er3+.103,104 However, none of them demonstrate enhanced PL intensity 
greater than that reported by Peng et al.   
  Perfluorinated ligand sensitised PL is also observed from Nd3+ and Yb3+ complexes. 
These works are reported by Wu et al.,110 Krogh-Jespersen et al.111 and Norton et 
al.83 Perfluorobenzene ligand are incorporated to lanthanide ions and form chelating 
complexes. Exceptionally bright sensitised NIR emissions from Yb3+ and Nd3+ are 
observed from these complexes. Also, due to the removal of C-H bonds in the 
coordination sphere, these complexes also indicate relatively high quantum 
efficiency. 
  Although there are a lot of reported organic sensitisers, no matter they are 
fluorinated or not, detailed studied of the underlining energy transfer mechanism is 
rarely proposed. So far, most of the researches only comment that the energy 
transfer could happen via Dexter electron exchange energy transfer or Förster 
resonant energy transfer. There is a lack of investigations that attempt to 
quantitatively analyse the enhancement of PL intensity and the dynamics of excited 
state population during the energy transfer process.   
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  2.5.5 Two-molecule sensitisation system  
  Fabricating lanthanide-containing organic complexes in which organic ligand acts as 
a sensitiser is not challenging, but most of those reported materials are limited either 
by low quantum efficiency or poor PL enhancement. Although there are several 
perfluorinated complexes which are mentioned in previous sections that can give 
good quantum efficiency, efficient sensitisation is rarely obtained out of these 
complexes. Some of these ligands are proved to be non-sensitive to photoexcitation. 
As for those light-harvesting ligand, the PL enhancement via sensitisation is so far not 
enough to substantially reduce the pump power density.      
  Therefore, a two-molecule composite material system is proposed as an alternative 
solution. Doping efficient perfluorinated materials with highly emissive organic 
chromophores enables us to obtain both a good quantum efficiency and a 
significantly increased PL intensity.  
  Since there is no binding pattern between the perfluorinated complexes and the 
sensitiser, energy transfer from the sensitiser has to be dominated by FRET. 
Therefore, this approach demands a good overlap between the emission spectra of 
the sensitiser and the absorption spectrum of lanthanide ions. Additionally, the 
separation distance between two doping components should be closer than 10 Å in 
order to keep a high energy transfer rate.  
  A remarkable instance of this two-molecule system is reported by H.Ye et al.49 In 
their research, an Er3+ complexes and a chromophore are doped in thin films. The 
lanthanide complexes is obtained by incorporating a Er3+ with three tetrakis-
(pentafluorophenyl)imidodiphosphinate ligand F-TPIP-1 to form a chelate complex.44 
Because the perfluorinated chelating molecular structure well isolates Er3+ from the 
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water molecules in the environment and hydrogenated bonds on the molecule,  the 
Er3+ ions in the ligand field can have ~ 30 % luminescence QE. The chromophore to 
sensitise Er3+ is a zinc salt of 2-(tetrafluoro-2-hydroxyphenyl) 
tetrafluorobenzothiazole, Zn(F-BTZ)2.62 It absorbs photons with the wavelength from 
350 nm to 420 nm and has a singlet emission peak at 500nm, and a triplet emission 
peak at ~550 nm. The triplet energy of the chromophore shows good potential to be 
coupled with the high energy excited state of Er3+, which correspond to the 
absorption wavelength of 520 nm, 532nm and 655 nm. 
  The NIR luminescence performance of the composite material system is proved to 
be overwhelming. Quantitatively analysis suggest that sensitisation in the composite 
thin film can give rise to a reduction of pump power density by four orders of 
magnitude. The triplet PL spectra under 80K with the presence of Er3+ ions in the 
composite film suggests a significant reduction of PL intensity compared to the film 
in the absence of Er3+ ions. That indicates the energy is predominantly transferred 
from the long-lived triplet state.  
  Following the work of H.Ye et al., J.Hu et al. built a model to simulate the energy 
transfer process, which is based on rate constant equations. The simulated power 
dependent PL intensity suggests that in a 23% Er3+ film, population inversion could 
be achieved with pump power density higher than 1.5 W/cm2. However, the 
simulation is done with the approximation that assuming there is no energy transfer 
from singlet state to Er3+, more detailed analysis of the energy transfer mechanism 
still remain unclear. 
  Furthermore, researches by H.Ye et al. and J.Hu et al. on this two-molecule system 
are only performed on Er3+ complexes. There is no reported sensitisation on Nd3+ and 
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Yb3+ complexes with the same chromophore. The quantitatively analyses of energy 
transfer mechanism from the chromophore to Nd3+ or Yb3+ ions also remain unknown. 
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Chapter 3. Materials, instrument and experiment 
3.1 Materials 
  3.1.1 Ln(F-TPIP)3 
  Trivalent lanthanide ions (such as Nd3+, Yb3+ and Y3+) are incorporated with three 
tetrakis-(pentafluorophenyl) imidodiphosphinate, HF-TPIP ligands to form the 
chelating organic complexes Ln(F-TPIP)3. Figure 3-1 shows the molecular structures 
of this series of lanthanide complexes. Each of these ligands contains four fully 
fluorinated phenyl rings. When three F-TPIP-1 ligands are bonded with one lanthanide 
ion, those phenyl rings form a sphere structure to isolate the lanthanide core from 
the quenching centres in the environment.   
 
Figure 3-1. Molecule structure of Ln(F-TPIP)3. (a) 2D structure of Ln(F-TPIP)3. (b) 
3D structure of ln(F-TPIP)3. Ln = Nd, Yb and Y. Green balls indicate F atoms, red 
ball represent O atoms, orange balls are P atoms and blue balls correspond to N 
atoms. It’s noteworthy that the molecular structure in the figure varies with 
different lanthanide ions due to the different atom size. 
  To synthesis Ln(F-TPIP)3 complexes (Ln = Nd, Yb and Y), LnCl3·6H2O salt and HF-TPIP 
ligand are dissolved and reacted in boiling methanol and ethanol solution (1:1). 
Precipitates from the reaction are filtered out from the solution and dried in a 
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vacuum oven at ~100 °C for 12 hours. The chemical equation to produce Ln(F-TPIP)3 
precipitation is shown by equation (3-1) where Ln indicates Nd, Yb and Y. 
𝐿𝑛𝐶𝑙Y · 6𝐻Q𝑂 + 3𝐻-𝐹𝑇𝑃𝐼𝑃 →
Ë¹`8`6ô	N¹8õ`¹6
𝐿𝑛(F-TPIP)3+3𝐻𝐶𝑙 + 6𝐻Q𝑂                 (3-1) 
  It noteworthy that lanthanide precipitates Ln(F-TPIP)3 have different solubilities in 
various solvents. For example, Yb(F-TPIP)3 and Y(F-TPIP)3 are hard to be dissolved in 
most of the organic solvents, they can only be dissolved in boiling dimethyl sulfoxide 
(DMSO), whereas Nd(F-TPIP)3 can easily be dissolved in acetone.  
  3.1.2 Zn(F-BTZ)2 
  A well-studied organic chromophore, a zinc salt of 2-(tetrafluoro-2-hydroxyphenyl) 
tetrafluorobenzothiazole, Zn(F-BTZ)2,62 is employed as an energy donor to sensitise 
Nd(F-TPIP)3 & Yb(F-TPIP)3 complexes. The chemical formula and molecular structure 
of Zn(F-BTZ)2 are shown in Figure 3-2. The conjugated 𝜋 bonds within the molecules 
allows the intermolecular transportation of the delocalised electrons, which gives the 
material organic semiconducting properties. DFT calculation indicates that the 
HOMO and LUMO of Zn(F-BTZ)2 chromophore is -6.14 eV and -2.65 eV, respectively.  
 
Figure 3-2 Molecule structure of Zn(F-BTZ)2  (a) 2D molecule structure (b) 3D 
molecule structure.  Green balls are F atoms, red balls indicate O atoms, yellow 
balls represent S atoms and blue balls suggest N atoms 
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  To synthesis Zn(F-BTZ)2, KOH as a base is dissolved in methanol and reacts with the 
HF-BTZ ligand which is dissolved in a mixed methanol/diethyl ether mixed solvent 
(1:1). This first step reaction will precipitate an intermediate product KF-BTZ, shown 
in Equation (3-2). 
𝐾𝑂𝐻 + 𝐻(𝐹-𝐵𝑇𝑍) →
Â`¹8`6ô	N¹8õ`¹6
𝐾(𝐹-𝐵𝑇𝑍) + 𝐻Q𝑂                                                 (3-2) 
  Then, indicated by equation (3-3), KF-BTZ can be dissolved in boiling water and react 
with zinc acetic acid, Zn(CH3COO)2. At last, the reaction will produce the target 
material, Zn(F-BTZ)2  as a precipitate. The Zn(F-BTZ)2 precipitates also need to be 
filtered out and dried in a vacuum oven overnight to outgas the solvent that is 
trapped in the crude powder. 
2𝐾(𝐹-𝐵𝑇𝑍) + 𝑍𝑛(𝐶𝐻Y𝐶𝑂𝑂)Q →
Â¹`8`6ô	øgr
𝑍𝑛(F-BTZ)2+2𝐶𝐻Y𝐶𝑂𝑂𝐾                    (3-3) 
   Zn(F-BTZ)2 chromophore shows a better solubility than lanthanide complexes, it 
can be dissolved in several organic solvents, such as acetone, chloroform and DMSO.  
  3.1.3 Material purification 
  Although filtration and drying treatment can eliminate most of the solvents and 
impurities in the crude material, some of them still remain within the organic 
complexes. These impurities could critically hamper the optical performance of 
lanthanide ions. Herein, a vacuum purification system is employed to further purify 
the materials. The layout of the purification system is illustrated in Figure 3-3, it 
consists one oil-sealed rotary pump and one turbo pump which are used to pump a 
set of quartz tubes to high vacuum (~ 10-6 to 10-7 mbar). This set of quartz tubes is 
composed by an outer tube, an inner tube and a boat. Once the tubes are pumped 
to vacuum, the crude materials that are contained in the boat is loaded into a tube 
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furnace which is used to heat the materials up to their sublimation point. In addition, 
glass fibre filters are always placed between the boat and the inner tube to stop the 
organic powder being pumped into the vacuum pump.  
 
Figure 3-3 Diagram of a vacuum purification system 
  At the start of a purification process, the end of the glass tube is placed at the centre 
of the furnace and heated up to ~100 °C. It is left overnight to outgas the trapped 
solvents and waters in the crude organic powders. Then, the temperature of the 
furnace is further increased to ~ 160 °C  for 6 hours in order to evaporate the organic 
ligand residue from the synthesis. The evaporated impurities are pumped out and 
deposited on the cold area of the tube which is located at the edge of the furnace. 
At the last step, the tube is moved out of the furnace by 2 to 4 cm to avoid the area 
where the impurities are deposited. The temperature of the furnace is increased to 
the sublimation point of the organic materials to evaporate the target material and 
again condense them on the cold area of the glass tube. The sublimation points of 
Ln(F-TPIP)3 and Zn(F-BTZ)2 under high vacuum are around 280 °C and 230 °C, 
respectively. There are slight difference between each lanthanide complexes, but 
280 °C is a high enough temperature that could evaporate any lanthanide complexes 
and also keep the materials stable from degradation. After the purification, the tube 
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set is cooled down to room temperature, and the pure materials can be collected 
from their deposition area. 
  Since purification eliminates most of the trapped hydrogen-rich solvents and 
impurities from synthesis, the optical performance of the purified material, 
especially for the NIR emitting lifetimes of Yb3+ and Nd3+ complexes are significantly 
enhanced. Repeat purifications are performed in this project to ensure an optimised 
purity of the material. The observed lifetime of Nd3+ is 10 times longer after 2 to 3 
times of purification.  
  3.2 Instruments 
  3.2.1 Thin film fabrication 
  Figure 3-4 shows a schematic of an organic thin film vacuum deposition system, a 
Kurt J. Lesker SPECTROS deposition system. This system has a load-lock chamber and 
a main chamber. The load-lock chamber is pumped by an oil-free scroll pump and a 
turbo pump to a pressure of  ~10-7 mbar. A gate valve separates the load-lock 
chamber and the main chamber. To grow a thin film, a substrate holder and a mask 
are loaded into the load-lock chamber. Hence a transfer arm allows us to transfer 
them from the lock-lock chamber to the main chamber. This design is for the purpose 
to maintain the ultra-pure vacuum environment which has to be obtained by 
pumping the main chamber through a Cryopump for ~24 hours. Inside the main 
chamber, there are 8 organic heating sources and 2 metal heating sources to 
evaporate materials onto different substrates, such as glass, silica and silicon etc. The 
substrate holder and mask can be placed into a cassette by the transfer arm. There 
are 4 levels on the cassette which enable users to swap masks to grow layers with 
different shapes. The cassette can also rotate at different rates to ensure a uniform 
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thin film. This system is designed to grow a film with a minimum growth rate of ~ 
0.01 Å.  
 
Figure 3-4. The layout of the Kurt J. Lesker SPECTROS deposition system 
  Filaments surrounding these organic sources provide heating power to evaporate 
the materials in the crucibles. Changing the heating power enables users to 
manipulate the growth rate. Several quartz crystal sensors are placed above these 
organic sources to monitor the evaporation rate. Both the growth rate and the film 
thickness readings are displayed on a film thickness monitor. In this system, heating 
power can be either manually adjusted or automatically controlled by a PID control 
film thickness monitor (FTM) to modify the evaporation rate.  
  Since the power control is independent for each of these sources, this system can 
fabricate composite thin films by co-evaporating materials from two different 
organic sources. The concentration of a composite film doped by material A and 
material B is defined by the final thickness of these two materials, which can also be 
regarded as the ratio of their growth rate. Based on the molecular weight and density, 





                                                                                                 (3-4) 
		𝑀 is the molecular weight, 𝜌 is the molecular density and T is the final thickness for 
each material. The film thickness reading from the FTM needs to be calibrated with 
the actual film thickness, which can be measured via a surface profile.  
  In addition, for those films that are deposited on glass or silica substrate for optical 
characterisation, they are encapsulated by a ~ 100 nm to 500 nm aluminium (Al) layer 
which is evaporated from the metal source shown in Figure 3-4. The effect of 
protection depends on the relative thickness of the Al layer and the organic layer. For 
instance, a 500nm Al layer has shown excellent isolation of O2 on a 100 nm composite 
film which give the film ~1 h long degradation time under laser excitation. But 500 
nm Al layer may not sufficient to protect a composite film with 1000 nm thickness, 
which may only guarantee a degradation time of ~ 10 mins.   
3.2.2 Light source and signal modulation 
  (1) Diode laser: 
  A series of Diode lasers (DL) are used in this project to provide coherent excitation 
source with various wavelengths of 375nm, 405nm, 520nm, 655nm, 808nm and 
980nm. When a DL is working, a voltage is added on the device to inject carriers into 
the valence band until it reach population inversion. Hence the emitted photons are 
confined in a cavity to generate stimulated emission and obtain optical gain at the 
DL’s working wavelength. Additionally, those diode lasers can be modulated to a 
given frequency via a TTL wavefunction generator which enables us to extract PL 
signal from the lock-in amplifier or the oscilloscope.    
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 (2) Nd:YAG laser and optical parametric oscillator (OPO) system 
  In an optical parametric oscillator (OPO) system, a combination of two non-linear 
crystals can convert the incident laser beam to different output wavelengths. 
However, in general, non-linear optical materials demand a high incident photon 
density. Thus the OPO system has to be pumped by high power lasers such as Nd:YAG 
or Ti:Sapphire laser.  
  In this project, a neodymium-doped crystal, Nd-doped yttrium aluminium garnet 
(Nd:YAG), is utilised to provide pumping laser into an optical parametric oscillator 
(OPO) system so as to generate a high power pulsed laser with continuous tuning 
wavelengths. For a typical Nd:YAG laser, a Nd:YAG crystal with ~ 1% Nd3+ doping 
concentration is pumped by a low-current density flash lamp to emit photons with a 
wavelength of 1064 nm. Then, a Q-switch controlled cavity creates ns laser pulse with 
high output power. Shown by Figure 3-5, the 1064 nm light passes through the first 
frequency doubler, Beta-Barium Borate (BBO) non-linear crystal (C1), so as to be 
converted to 532 nm. Then, the seconder crystal C2 converts the 1064 nm and 532 
nm incident light to 355nm. The energy of 355 nm output is ~100 mJ. 
  The third harmonic of the Nd:YAG laser, 355nm, is then sent into the OPO system 
and passes through an oscillation crystal and a compensating crystal. A motor rotates 
the angle of the oscillation crystal C3 to convert the incident 355 nm laser to different 
wavelengths. Then, waves are oscillating between the 355nm wedged mirror (M2) 
and the IR broadband mirror M4 to magnify the output intensity of the signal and the 
idler at the selected wavelength. Also, the compensating crystal C4 rotates its angle 
to compensate the diverge of the optical path at different wavelengths. 
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Figure 3-5. A simplified layout of a Nd:YAG OPO laser 
  An incident photon that is sent into the OPO system is converted into two photons 
with different energy (frequency), the photon with the higher frequency is known as 
'Signal', and the other photon with lower frequency is ‘Idler’. Indicated by Equation 
(3-5), the energy and momentum of the incident photon and the converted photons 
are conserved: 
𝐸)6 = 	𝐸úûô6g8 + 𝐸)¸8r                                                                                                       (3-5) 
𝑘)6üüüüü⃗ = 	 𝑘'þô6g8üüüüüüüüüüüüü⃗ + 𝑘)¸8rüüüüüüüüüüü⃗ 	                                                                                                     (3-6) 
  Thus, the frequency of the incident photon is the sum of the ‘Signal’ frequency and 
the ‘Idler’ frequency. Also, ‘Signal’ and ‘Idler’ beam have crossed polarization due to 
the conservation of momentum. 
𝑓)6 = 𝑓'`ô6g8 + 𝑓)¸8r                                                                                                          (3-7) 
  Because the angle between the oscillation crystal and compensation crystal is 
limited, this OPO laser system only produces a 'signal' output from 410nm to 700nm 
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and an 'Idler' output from 720nm to 2646nm. A polariser is placed in front of the 
OPO's output slit in order to filter out 'Signal' or ‘Idler’ light.  
  (3) Arc lamp  
  A Xenon core lamp gives a broad emission band from UV to IR, and passing the light 
through a spectrometer could produce a monochromatic beam. The arc lamp used 
in this project has ~ 150 W power and is focused into a Triax 180 spectrometer with 
a spot size of ~2 mm2. However, given the propagation and collection losses, the 
actual power density that can finally position onto a sample is considerably weaker 
than a  laser. But it still has an advantage of its wide and tuneable output wavelength, 
which is desired for measuring photoluminescence excitation (PLE) spectrum.  
  (4) TTL wavefunction generator 
  A TG5011 TTL wavefunction generator is used to modulate the DL lasers. Light 
generated by the DL lasers can be modulated by a square wave or a pulsed wave. The 
rise/fall time of the modulation signal is ~ 8 ns. The width of the pulse wave can be 
continuously tuned with a minimum pulse width of ~ 80 ns.     
  (5) Optical chopper  
  Optical chopper is another device to modulate light signal. It has a rotating shutter 
to block the incident light beam with a fixed frequency. To modulate a PL signal, a 
chopper can be either placed in front of the excitation laser or between the sample 
and the spectrometer. Then, the modulated beam that resolved by a spectrometer 
can be further analysed by a lock-in amplifier. Due to the limitation of the shutter 
width, chopper always has a long rise/fall time which is around millisecond. So, in 
most cases, they are only used for the measurement of PL spectrum (not for TRPL 
measurement), as a long rise/fall time may be longer than most of the lifetime that 
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we measured in this thesis. Additionally, since the chopper can mechanically 
modulate any light beam, it's frequently utilised as an alternative approach to 
modulate a PL signal when the excitation laser cannot be modulated by the 
wavefunction generator. In this project, a chopper is employed to modulate the 
beam generated by an arc lamp.  
  3.2.3 Spectrometer 
  (1) Triax 550/180 spectrometer 
 
Figure 3-6. A simplified layout of Triax 550/180 spectrometer 
  Triax 550 and Triax 180 spectrometers have similar optical constructions (Figure 3-
6). The two spectrometers consist of an entrance slit, an exit slit, two collimation 
mirrors and an optical grating. If a light beam that forms an image at the entrance 
passes through the entrance slit and hits the first collimation mirror, it will be 
collimated on to the optical grating. Then, the light beam incidents the grating is 
dispersed on the second mirror. Rotating the angle of the grating allows the second 
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mirror to diffract light with different wavelengths onto the exit slit. Both of the 
entrance slit and the exit slit have a tuneable width from 10𝜇m to 2200𝜇m. It is 
noteworthy that, these spectrometers have three blaze gratings with 300, 600 and 
1200 lines per millimetre which correspond to their blaze wavelengths at 1800nm, 
1000nm, and 550 nm respectively. The working mechanism of blaze grating will be 
introduced in the following section. 
  (2) Blaze grating 
  Blaze grating is designed to optimise the first order diffraction light intensity of an 
incident light beam. It is made of a group of triangle reflective structures with a blaze 
angle 𝜃B. These structures are evenly arranged on a plane, and the distribution 
distance is determined by the total number of grooves.  
  The relation shape between the incident angle 𝛼 and the diffraction angle 𝛽 is given 
by equation (3-8): 
𝑛𝜆 = 𝑑Vsin(𝛼) − sin(𝛽)W                                                                                                 (3-8) 
  d is the distribution distance between each reflection surface, n is an integer that 
indicates the order of constructive interference and 𝜆 is the wavelength of the 
incident light beam. The maximum output wavelength, blaze wavelength, is obtained 
when the incident angle 𝛼 equals to blaze angle 𝜃B, given by Equation (3-9): 
𝜆 = 2𝑑sin(𝜃Ë)                                                                                                                    (3-9) 
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Figure 3-7. Structure of blaze grating 
  The discussion above indicates that, for a diffraction beam with angle 𝛽, it is not 
absolutely monochromic. The diffraction beam may be a convolve of the different 
orders of a diffraction wavelengths. For example, assuming a convolved beam with a 
wavelength from 300 nm to 1500 nm is sent into a spectrometer, the first order beam 
of 1200 nm is convolved with the second order of 600nm and the third order of 300 
nm. Thus, to get rid of the 'impurity light' caused by the higher order diffraction, 
proper optical filters should be placed in front of the entrance slit to stop light beam 
with unwanted wavelengths. 
  (3) Resolution 
  Spectrometer resolution is the minimum wavelength linewidth that can be 
produced at the exit of a spectrometer. For a spectrometer, its resolution is 
determined by its slit width and grating groove density. The resolution of a 
spectrometer can be calculated by Equation (3-10): 
  𝑅 =𝑊'8` × 𝜌ô¹¹®r
'`6(%)P&û'(()
X¢)¤×
                                                                                 (3-10) 
  In the equation above, 𝑊'8` is the width of the slit which decides the illuminated 
width on the grating, 𝜌ô¹¹®r is the density of groove on a grating which is the inverse 
of total grating groove numbers, 𝛼 and 𝛽 indicate the use condition of the grating 
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and 𝜆 is the centre wavelength to be resolved. Equation (3-9) demonstrates that 
spectral resolution is proportional to the grating groove density and the slit width. 
Thus, to obtain a high resolution, people always require a high grating groove density 
and a narrow slit width. However, narrowing the slit width means a sacrifice of the 
light intensity that is transmitted by the spectrometer, which may result in difficulties 
in detecting the light signal. Therefore, it is vital to make a balance between the 
resolution and the output intensity of a spectrometer in order to optimally analyse 
the feature of a light beam.   
  (4) Shimazu UV/Vis spectrometer 
  A commercial spectrometer, Shimazu UV/Vis spectrometer, is used to characterise 
absorption spectrum of solutions and thin films. It is an integrated spectral analysing 
system which contains a light source, a photon detector and a grating to record the 
transmission of the light passes through the sample.  
  The determination of absorption spectra is based on the Beer-Lambert law. The 
absorbance of a material is indicated by the ratio between the transmission light 
intensity and the incident light intensity, given by Equation (3-11): 
𝐴 = log ¯)å
)-
° = 𝑐𝜀𝐿                                                                                                           (3-11) 
 𝐼¢  is the intensity of incident light with wavelength dependence. 𝐼X is the 
transmission light intensity, c is the concentration of material, 𝜀  is the extinction 
coefficient, and 𝐿  is the length of the optical path. To measure an absorption 
spectrum with the UV/Vis spectrometer, the intensity of incident light and 
transmission light are recorded separately in order to extract the absorption 
spectrum.    
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  3.2.4 Photon detectors 
  (1) Silicon photodiode detector 
  A photodiode can produce current when incident photons are absorbed in its 
depletion region, so it is widely used to detect the light signal. A Newport 818-UV 
silicon photodiode detector is employed in this project to measure the intensity of 
diode lasers. It can measure the light intensity from 200 nm to 1100 nm with a 
maximum detecting power of ~ 60 mW. The measured light signal can be analysed 
by a power meter. Since the detectivity varies with wavelength, an external 
modulator is employed to correct the measured light intensity at the measuring 
wavelength.   
  (2) Photomultiplier tubes (PMTs) 
  Photomultiplier tubes (PMTs) are designed to detect weak light signals with a low 
noise level and an ultra-fast response time. PMTs are sealed under vacuum, and they 
consist a photocathode, a focusing electrode, several dynodes and an anode. Once a 
photon hits the photocathode, the photoelectric effect will produce an electron 
which can be guided by the focusing electrode to these dynodes that hold a positive 
voltage of ~100 V. Accelerated by the electric field of these dynodes, the electron 
strike the first dynode could generate more electrons with lower energy. Hence, 
those electrons are again accelerated by the electric field and hit the next dynodes 
to generate even more electrons. Step by step, while striking more dynode, the 
number of electrons in the cascade increases, giving an enormous electron number 
that will finally reach the anode. When the electron cascade reaches the anode, it 
will produce electric current which is easier to be captured by signal analysers such 
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as an oscilloscope or a lock-in amplifier. This ‘electron amplifying’ process is fast, with 
~ns time period.  
  Typically, the photocathode materials that are sensitive to IR light tend to have low 
work function. Their performance is significantly affected by temperature, which 
gives high noise and high dark current at room temperature. Thus, for those PMTs 
that designed to work at IR range, liquid nitrogen is needed to cool down the system 
to 80K so as to reduce noise and dark current.  
  The PMT used in this project is a liquid nitrogen cooled Hamamatsu R5509-72 NIR 
PMT. It has an InP/InGaAs photocathode which is sensitive to light with the 
wavelengths from 300 nm to 1700 nm. At 80K, driven by a -1500 V DC voltage, this 
PMT has 50~100 nA anode current, 3 ns anode pulse rise time and 23 ns electron 
transit time. Also, it has output impedances of 50𝛺, 1k𝛺, 100k𝛺, 10M𝛺 and infinite 
to give various gains.   
  3.2.5 Oscilloscope and Lock-in amplifier 
  (1) Oscilloscope 
  An oscilloscope could display the decay of PL intensity against time. The oscilloscope 
used in this project is a 4-channel LeCroy HDO 4000 oscilloscope, with 5GHz 
maximum scanning speed, 20ps/div minimum time resolution, and 1mV/div 
minimum vertical resolution. It also has a built-in math function that allows averaging 
a signal over repeat times of measurement in order to reduce noise.  
  It is worth to note, that connecting oscilloscope and PMT will form an RC oscillation 
circuit which contains several resistors and capacitors. Thus, the fastest signal an 
oscilloscope can record is the discharge time of the RC circuit, known as RC response 
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= 0                                                                                                                   (3-12) 
𝑉* = 𝑉¢𝑒
T¾2                                                                                                                         (3-13) 
𝜏 = X
+*
                                                                                                                                  (3-14) 
  V0 is the voltage when t = 0, C is the capacitance and R is resistance. According to 
these equations, a circuit will have a slower RC response time if it either has a large 
impedance or capacity. As a consequence, it is easy to mistakenly take the RC 
response time as a real PL decay lifetime, especially for signals with short lifetimes.  
  For the PMT we used to produce PL signal, large resistance are needed to increase 
the signal intensity. It has 5 output impedances: 50𝛺, 1k𝛺, 100k𝛺, 10M𝛺 and open 
current which can be coupled with the 50 𝛺 and 1 M𝛺	resistance	of	the	oscilloscope. 
Thus, there are 10 combinations between the PMT and the oscilloscope, which 
means there will be 10 RC response times according to the different impedance 
combination. The RC response time of each combination is determined by measuring 
the lifetime of a light signal with an ultra-fast lifetime, such as an nanosecond pulsed 
laser. Since the lifetime of a pulse laser is much faster than any of these RC response 
time, the measured lifetimes can be regarded as the RC response time of the selected 







Table 3-1. RC response time of different selection of resistance combination.  
resistance (PMT-Oscilloscope)  ohm  Laser pulse lifetime /RC time  
50-50 3 ± 0.3 ns  
1K-50 4 ± 0.4 ns 
100K-50 4 ± 0.4 ns 
10M-50 4 ± 0.4 ns 
open current-50 4 ± 0.4 ns 
50-1M 4 ± 0.4 ns 
1K-1M 0.3 ± 0.03 𝜇s	
100K-1M 30 ± 3 𝜇s  
10M-1M 0.3 ± 0.03 ms 
open current-1M 0.3 ± 0.03 ms 
  (2) Lock-in amplifier 
  Lock-in amplifier is designed to extract the peak voltage of a signal with frequency 
and phase that match with a reference signal. The Lock-in amplifier used in this 
project is a MODEL 5209 Lock-in amplifier. It can track AC or TTL signal and has 100 
nV to 3 V detection range. It has several integration time constants with values from 
1 ms to 3 ks, which provides different noise-signal ratios.  
  Given an input signal 𝑉6 = 𝑉6𝑆𝑖𝑛(𝜔`6𝑡 + 𝜑`6) , and a reference signal 𝑉rS =
𝑉rS𝑆𝑖𝑛V𝜔rS𝑡 + 𝜑rSW  in which 𝜔  is the frequency and 𝜑  is the phase. A phase 
sensitive detector (PSD) multiplies the input signal and the reference signal and 
hence integrate their product 𝑉6 × 𝑉rS  over a time period which is much longer 






𝑇𝑉N`ô𝑉rScos ¯V𝜔N`ô − 𝜔rSW𝑡 + V𝜑N`ô − 𝜑rSW° −
X
Q
𝑇𝑉N`ô𝑉rScos ¯V𝜔N`ô − 𝜔rSW𝑡 + V𝜑N`ô + 𝜑rSW°                                                    (3-15) 
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  Equation (3-14) indicates that, if the integration time is long enough, for the input 
signal with frequency matches the reference signal, 𝜔N`ô= 𝜔rS, their product will be 




𝑇𝑉N`ô𝑉rS𝐶osV𝜑N`ô − 𝜑rSW −
X
Q
𝑇𝑉N`ô𝑉rS𝐶osV𝜑N`ô + 𝜑rSW               (3-16) 
  As a consequence, the amplitude of noises with frequencies other than the 
reference signal could be significantly reduced, which, in consequence, largely 
enhances the noise-signal ratio. Also, a low-pass filter is used to get rid of the non-
DC components so as to improve the noise-signal ratio.  
  3.3 Experiment design 
  3.3.1 Non-emissive control group: Y(F-TPIP)3 
  In this project, we widely employed Y(F-TPIP)3 as a control material to dope with the 
chromophore, Zn(F-BTZ)2, in order to study the behaviour of Zn(F-BTZ)2 in the 
absence of Yb3+/Nd3+. Since it has similar atomic structure, atomic size and chemical 
property to other lanthanide ions, Y3+ is also considered as a rare earth ion. More 
importantly, Y3+ is non-emissive and have no energy level that can be coupled with 
Zn(F-BTZ)2, which makes it an ideal ion for control experiments.   
  3.3.2 Photoluminescence (PL) and time-resolved photoluminescence (TRPL) 
measurement 
 (1) Layout and optical alignment 
The alignment of the PL system consists of an laser excitation source, several optical 
lenses, a spectrometer and a liquid-nitrogen cooled PMT. There are two types of 
excitation laser sources which are utilised to photoexcite samples: a pulsed laser 
(Nd:YAG OPO laser) and several diode lasers with different output wavelengths. The 
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alignment is different for using the pulsed laser and diode lasers, shown in Figure 3-
8 (a) and (b). 
 
Figure 3-8 Layout of the PL measurement set up. (a) alignment for diode laser 
operation. (b) alignment for Nd:YAG OPO laser. 
  Because the diode lasers we use have built-in lenses, their output is collimated 
beam, with diameters of several millimetres. The operation of the diode laser is 
shown in Figure 3-8 (b), two mirrors reflect the laser beam to pass through a focus 
lens in order to position the beam at the sample and control the pump power density.   
  For the Nd:YAG OPO laser, there is a beam expander at the output of the laser to 
produce a wide collimated beam. Hence, an aperture enables us to control the total 
excitation photon density. Following the aperture, a 375nm filter is placed to cut off 
the leakage light of the third harmonic 355nm light from the Nd:YAG laser. Finally, a 
lens could focus the collimated laser beam onto a sample holder with much smaller 
beam size.  
  PL light of a sample is a emitted light which needs to be collected via a lens. The 
optical alignment to collect PL emission from the sample is same for the diode laser 
and the pulsed laser. The distance from the first collection lens to the sample holder 
equals to the focal length of the lens, which allows us to convert the scattered light 
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into a collimated beam. The collimated beam is then focused into the spectrometer 
via a second lens.      
  (2) PL spectrum collection 
  For a PL signal generated by the pulsed laser, its modulation signal cannot be 
processed by the lock-in amplifier, which means we have to use an oscilloscope to 
integrate the area of the time-resolved decay process in order to determine the PL 
intensity at different wavelengths.   
  For those PL signals produced via diode laser excitation, their PL spectra can also be 
obtained by integrating their time-resolved PL intensity. However, since they are 
either modulated by a TTL square wave or a sine wavefunction, the collection of PL 
spectra can be simplified by directly analysing them with lock-in amplifier which also 
has a lower signal and noise ratio.    
  (3) TRPL spectrum collection 
  Both the pulsed laser excited and diode laser excited TRPL spectrum can be directly 
obtained via an oscilloscope. For the TRPL measurement, a PL signal and a reference 
signal are proceeded by the oscilloscope. The reference signal is used to determine 
the ‘time zero’ point of a TRPL decay, which indicates to the time point for the laser 
excitation stop. On an oscilloscope, this time point corresponds to the negative slope 
of the reference signal. Therefore, to obtain a TRPL spectrum, we need to trigger on 
the negative slope of the reference signal to record the decay curve following the 
triggered time point.   




= 	−𝑅 × 𝑁[𝑡], 𝑁[0] = 𝐴                                                                                       (3-17) 
 83 
  𝑅 is the decay rate and it equals the inverse of lifetime 𝜏. A is the population at the 
time equal to zero. Solving Equation (3-17), the expression of 𝑁[𝑡]  with the 
dependent of time is presented by Equation (3-18):  
𝑁[𝑡] = 𝐴𝑒T
¾
2		                                                                                                                     (3-18) 
  Equation (3-18) indicates the decay of the excited states population is an 
exponential process in which the amplitude of the exponential decay is given by the 
initial population 𝐴 and the lifetime is given by 𝜏. Therefore, for a TRPL spectrum, we 
can use an exponential decay equation to fit the experimental data so as to obtain 
the value of lifetime 𝜏.  
  It is noteworthy that, for some TRPL processes, they consist of several individual 
decay components. Multi-exponential decay equation is needed to fit those TRPL 
spectra, shown by Equation (3-19):  
𝑁[𝑡] = ∑ 𝐴6𝑒
T ¾286 , 𝑛 = 	0, 1, 2, 3. ..                                                                              (3-19) 
  The contribution of each individual process, the component percentage 𝑃6, and the 
average lifetime of the overall decay process 𝜏g®rgôr  are given by Equation (3-20) 




			𝑛 = 0, 1, 2, 3…	                                                                                           (3-20) 
𝜏g®rgôr = ∑ 𝑃6 × 𝜏66 , 0, 1, 2, 3…                                                                                (3-21) 
  3.3.3 Photoluminescence excitation (PLE) spectrum 
  A PLE spectrum provides the variation of the PL intensity at a monitoring 
wavelength with the change of excitation wavelength. To perform a PLE 
measurement, a wavelength-tuneable excitation source is necessary. In this project, 
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both the pulsed OPO laser and the arc lamp can be used to perform the PLE 
measurement. 
  Similar to that for PL measurement, using the OPO laser to perform the 
measurement of PLE spectrum relies on an oscilloscope. The integration area of TRPL 
spectrum indicates the corresponding PL intensity at different excitation 
wavelengths. The obtained PL intensities are corrected by the OPO laser intensity at 
different wavelengths in order to obtain an absolute PLE spectrum.  
  Whilst measuring PLE spectrum with the OPO laser is straightforward, the 
measurement by the OPO laser is limited by its narrow output range that only spans 
from 410 nm to 700 nm. A broader range excitation source is desired especially for 
measuring PLE spectrum of the green light emitting chromophore Zn(F-BTZ)2 whose 
absorption range is extended to ~ 350 nm. Herein, we use the combination of an arc 
lamp and an additional spectrometer, spectrometer A, to provide a broad scanning 
range. The layout of the experiment design is given by Figure 3-9.  
 
Figure 3-9. Alignment of the PLE measurement  
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  Shown by Figure 3-9, the light produced by the arc lamp is collected by a focus lens 
and focused into spectrometer A (Traix 180). Spectrometer A resolves the mixed light 
to monochromatic beam with a bandwidth of ~ 1nm (depending on the slit width and 
the selection of grating). The beam comes out of spectrometer A is then collected by 
a lens, L1, to be focused onto the mirror M1. Then, the reflected beam from the 
mirror is focused by L2 and passed through an optical chopper so as to be modulated 
before it reaches the sample holder. At last, two lenses, L3 and L4 enable us to collect 
the PL emission from the sample and guide it into spectrometer B (Triax 550) and 
analysed by a PMT. The signal detected by the PMT is then transferred to a lock-in 
amplifier to record the intensity of the PL signal. Also, the intensity of the arc lamp is 
measured by a photodiode so as to correct the measured PLE spectrum to the 
excitation intensity.   
  3.3.4 Power dependent PL measurement 
  The power dependent PL measurement in this project requires accurate control of 
the pump power density to quantitatively analyse the dynamics of the excited state. 
However, in the previous experiment set-up, the incident light hits the sample at 
random angles which makes it hard to determine the excitation area. Thus, a special 
set-up is designed to precisely define the optical path, in which a laser beam can pass 
through two pinholes before it excites the sample. The layout of the optical 
alignment for this power dependent measurement is given by Figure 3-10. 
  The excitation source for the power dependent measurement is provided by a diode 
laser. Two mirrors, M1 and M2, enable us to adjust the angle of the reflected laser 
beam and align the beam pass through two pinholes with the same height and size 
(P1 and P2) to well define the beam direction. The beam can be further focused by a 
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focus lens, L1, and reach a Al-coating reflection mirror, M3, with a 45°	incident angle. 
The shape of M3 is enlarged in Figure 3-10, it is made of a silica substrate which has 
no photoluminescence at the emission range of our samples. At the centre of the 
silica substrate, a layer of Al is deposited to cover ~ 3mm2 surface area which enables 
us to reflect the laser beam to pass through another pinhole, P3, directly before the 
sample.   
  The last pinhole, P3, must have a smaller size (~ 1mm2) than the incident beam to 
regulate the size of the laser beam that passes through it. Since the sample is placed 
close enough to the pinhole, the diverge of the laser beam is trivial, the beam size is 
considered equal to the size of the pinhole to calculate power density. In addition, a 
photon detector is placed behind the sample, which allows us to remove the sample 
and measure the total power passing through the pinhole. The pump power density 
is given by the ratio between the total power and the pinhole size. 
 
Figure 3-10 The layout for power dependent measurement. 
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  3.3.5 Low temperature PL measurement 
  An Oxford Instrument optical cryostat is used to perform PL and TRPL 
measurements under low temperature (down to 77K). It can be mounted onto the 
optical bench and share the optical alignment shown in Figure 3-8 and Figure 3-9. 
The structure of the cryostat is present in Figure 3-11. 
 
Figure 3-11. Structure of the cryostat for low temperature measurement 
  The space between the inner shell and outer shell is pumped to vacuum to make 
sure the inner chamber is thermal isolated with the outer environment. The liquid 
nitrogen used to cool down the system is provided by an external liquid nitrogen 
dewar. A transfer tube is plugged into the liquid nitrogen dewar to withdraw liquid 
nitrogen into the cryostat. A pump is connected to the transfer tube to build up a 
dynamic liquid nitrogen flow, in which liquid nitrogen is flowing through the cryostat 
and being pumped out by the pump. Inside the chamber, liquid nitrogen flows 
through a heat exchanger and then reach the sample. Controlling the temperature 
of the heat exchanger allows us to manipulate the temperature of the sample. 
  The advantage of this dynamic liquid nitrogen exchange system is that it could have 
a rapid response to the changes in the set temperature on the heat exchanger. As a 
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result, we can use a PID control system to control the heating power on the heat 
exchanger so as to measure the PL of the sample under different temperature. 
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Chapter 4. Sensitised photoluminescence of Yb(F-TPIP)3 and 
the study of excited state dynamic 
4.1 PL spectrum of pure Yb(F-TPIP)3 
  Figure 4-1 shows the PL spectrum of Yb(F-TPIP)3 powder under a 430 nm pulsed 
laser excitation and the absorption spectrum of Yb(F-TPIP)3 in boiled DMSO solvent. 
The emission peak and absorption peak of Yb3+ are centred at ~ 970 nm and ~ 980 
nm, corresponding to the emission and absorption transition between Yb3+ 4F5/2 and 
4F7/2 energy level. The small Stokes' shift of the peak centre indicates the promotion 
of an electron to the higher excited state has trivial perturbation on wavefunction of 
the 4f orbital. The reason for the absorption peak red shift rather than blue shift may 
be due to the difference of the measuring temperature as the absorption spectrum 
is recorded with a temperature close to the boiling point of DMSO (~ 189 °C).  
  It’s worth noting that we used a 430nm laser to photoexcite Yb(F-TPIP)3 so as to 
avoid the strong laser background which may be obtained from the excitation with 
980nm laser. The reason we can excite Yb3+ with 430 nm light is probably because of 
the high energy 430 nm photon can excite electrons in the ground state of Yb3+ to 
the ‘virtual’ excited states which have twice the energy of the 4F7/2 energy state. 
Electrons at the ‘virtual’ state can quickly relax to 4F7/2 excited state and then 
radiatively decay to the ground state.  
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Figure 4-1. Absorption and Emission spectrum of Yb(F-TPIP)3. The red curve 
shows the absorption spectrum of a boiling Yb(F-TPIP)3- DMSO solution, with a 
molar concentration of 7.2 ± 3 × 10-3 M. Black curve indicates the normalised 
emission spectrum of the pure Yb(F-TPIP)3 powder. It is recorded under 430nm 
pulsed laser excitation.  
4.2 Time-resolved photoluminescence (TRPL) spectrum of Yb(F-TPIP)3 
  Pure Yb3+ complexes Yb(F-TPIP)3 are prepared to measure its lifetime under direct 
laser excitation. Figure 4-2 illustrates the TRPL spectra of Yb(F-TPIP)3 thin film and 
powder at the wavelength of 975 nm. A single exponential decay function is used to 
fit these TRPL spectra, giving 0.77 ± 0.11 ms lifetime for the thin film and 0.46 ± 0.08 
ms lifetime from the powder. According to the reported ~ 1 ms intrinsic radiative 
lifetime calculated for Yb(F-TPIP)3 in DMSO solution,112 the quantum efficiency of 
Yb3+ 975 nm emission in the thin film and the powder are ~77% and ~46%, 
respectively. That indicates due to the perfluorination, our material can produce a 
relatively high quantum efficiency at Yb3+ 1 𝜇m emission wavelength, which is higher 
than most of the reported Yb3+ containing organic complexes. The shorter lifetime 
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given by the powder is because the powder has a larger surface area, which allows 
more water molecules to quench the radiative decay of Yb3+. Additionally, the thin 
film is encapsulated by a layer of 100 nm aluminium, which can also prevent some 
water molecules in the environment directly reach the material. That is another 
possible reason for us to obtain longer lifetime from thin films.  
  Nevertheless, the quantum efficiency of the thin film still has not achieved 100%, 
which implies that the 100 nm Al encapsulation may not be sufficient to protect the 
materials. Also, even though the film is fabricated in high vacuum (~ 1×10-7 mbar), 
there are still a small number of water molecules (~ 2.7×10-7 mbar) present that have 
a chance to be trapped into the thin film during the vacuum deposition. That is 
another process that may hamper the quantum efficiency of Yb(F-TPIP)3 film. 	
 
Figure 4-2. TRPL spectra of pure Yb(F-TPIP)3 thin film and powder. (a) The 
lifetime of thin film; (b) The lifetime of powder. Both of these spectra are 
recorded at 975 nm with a 940 nm pulsed laser excitation. A 970nm band pass 
filter is placed in front of the spectrometer to get rid of laser background. Black 
dots are the experiment measured data. Red curves are the fitted PL decay with 
a single exponential decay function. The thickness of Yb(F-TPIP)3 thin film is ~ 
100 nm. It need to be stressed that the powder sample contains significantly  more Yb3+ ions 
than thin films, which gives the TRPL spectrum of power much higher PL intensity.   
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  Ultimately, a ~100% quantum efficiency is obtained by measuring Yb3+ lifetime 
under vacuum. Yb(F-TPIP)3 thin films are mounted in a vacuum chamber which can 
be pump to a pressure of ~ 106 mbar. The TRPL spectrum under vacuum is shown in 
Figure 4-3, a significant improvement of Yb3+ lifetime is observed, giving ~ 1 ms 
lifetime and ~ 100% quantum efficiency. The enhancement of quantum efficiency 
under vacuum may be because placing the sample in vacuum removes water 
molecules absorbed in the sample. As a result, there are less quenching centres to 
quench the radiative emission of Yb3+ ions.   
 
Figure 4-3. TRPL spectra of pure Yb(F-TPIP)3 thin film under vacuum at 975nm. 
The sample is excited by a 940 nm pulsed laser. Black dots are the experiment 
measured data. Red curves are the fitted PL decay with a single exponential 
decay function. The thickness of Yb(F-TPIP)3 thin film is ~ 100 nm.    
  In conclusion, this vacuum TRPL measurement suggests that the quenching from 
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tvacuum = 1.03 ± 0. 13 ms 
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influence the lifetime of Yb3+. Good encapsulation on the thin film is required to 
isolate lanthanide ions from water molecules in the environment. 
4.3 Sensitized PL spectrum of [Yb(F-TPIP)3]x[Zn(F-BTZ)2]1-x composite thin films 
  Three Zn(F-BTZ)2 and Yb(F-TPIP)3 composite thin films with Yb(F-TPIP)3 
concentration of 23%, 50% and 78% were fabricated to characterise the sensitised 
PL spectra. Shown in Figure 4-4, a 405 nm laser photoexcites Zn(F-BTZ)2 to give the 
broad emission band spanning from ~ 450 nm to 900 nm and sensitises the sharp 
Yb3+ emission centred at 975 nm. Since the previous study has demonstrate that 
there are abundant triplet excitons at ~ 900 nm,49 we ascribe this successful 
sensitisation to slight overlap between the triplet emission band of Zn(F-BTZ)2 and 
the Yb3+ absorption which makes the Förster resonant energy from Zn(F-BTZ)2 to Yb3+ 
possible. The emission peak of at ~ 500 nm is attributed to the fluorescence of the 
chromophore. The phosphorescence peak of the triplet should be centred at ~ 550 
nm.52 But, due to the quenching of triplet-triplet annihilation (TTA) and reversed 
intersystem crossing (RISC) processes at room temperature, triplets in these 
composite films have significantly low quantum efficiency and PL intensity. Therefore, 
a full triplet PL spectrum is impossible to be collected at room temperature, unless 
we use a gated detector to avoid the singlet emission.   
  Nevertheless, there are still some triplets remaining un-quenched at room 
temperature, which have the ability to transfer their energy to the Yb3+ excited state.  
Therefore, as we increase Yb3+ concentration in the composite films, more triplets 
could be consumed. That explains why the full width at half maximum (FWHM) of 
the Zn(F-BTZ)2 emission band reduce from 98 ± 2 nm to 81 ± 2nm with the increase 
in Yb(F-TPIP)3 concentration. 
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Figure 4-4. PL spectra of [Yb(F-TPIP)3]x[Zn(F-BTZ)2]1-x (x = 0.23, 0.5 and 0.78) 
films. The PL spectra (black, red and green lines) were measured at 
photoexcitation using a 405 nm laser. The PL intensity is collected via a lock-in 
amplifier and corrected for the response of spectrometer grating and PMT 
detector with a function of wavelength.  
    Moreover, the photoluminescence excitation (PLE) spectrum of a [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 thin film at 1005 nm is compared to the absorption spectrum 
of Zn(F-BTZ)2 in DMSO solvents, shown in Figure 4-5. The PLE spectrum indicates that 
the composite thin film can generate strong PL intensity under the excitation 
wavelength from 350 nm to 430 nm. Since this excitation band corresponds to the 
absorption spectrum of Zn(F-BTZ)2 which spans from 300 nm to 450 nm, we believe 
the PL at 1005 nm is produced by the energy transfer from the excited state of Zn(F-
BTZ)2. The reason for the absorption spectra and PLE spectra having different shape 
is attributed to the different energy coupling efficiency between the singlet and 
triplet state of the chromophore and the excited state of Yb3+. Some of the excited 
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states of the chromophore absorb photons but contribute less to the energy transfer 
process. 
 
Figure 4-5 PLE spectrum of the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 thin film and 
absorption spectrum of Zn(F-BTZ)2 in DMSO. The excitation spectrum (red curve) 
was recorded at an emission wavelength of 1005 nm and corrected for the 
intensity of the excitation light as a function of wavelength. The molar 
concentration of the Zn(F-BTZ)2 solution is 9.8×10-3 M. 
  Additionally, the insert of Figure 4-5 suggests there is another excitation peak 
centred at ~ 950 nm, but its PL intensity is far weaker than that generated by the blue 
light. We attribute this peak to the intrinsic 4F7/2 -> 4F5/2 transition of Yb3+. This 
demonstrates that the sensitisation from the Zn(F-BTZ)2 chromophore can produce 
more Yb3+ excited state population than direct excitation, approximately 30 times 
more. 
4.4 Measured lifetime at room temperature 
  We attempted to measure the TRPL spectra of a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 and a 
[Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 thin film from 500 nm to 800 nm at room temperature. 
 PLE spectrum at 1005 nm
 Absorption spectrum of Zn(F-BTZ)2
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Since the non-emissive Y3+ ion does not have energy levels that can be coupled with 
Zn(F-BTZ)2, the lifetimes of the Y3+ doped film could represent the rate of the de-
population process of Zn(F-BTZ)2 without Yb3+ as an energy acceptor. Therefore, a 
shorter lifetime in the Yb3+ doped film has to be due to the energy transfer process. 
The difference in the decay rate gives us the energy transfer rate. The lifetime data 
of these two composite films and their lifetime component percentages are shown 
in Table 4-1 and Table 4-2.  
Table 4-1 Wavelength dependent lifetime of [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film 
Wavelength 𝜏1	(𝜂1)	 𝜏2	(𝜂2) 𝜏3	(𝜂3) 
500 nm 33 ± 1.6 𝜇s	(57%)	 0.37 ± 0.09 ms (14%) 3.75 ± 1.4 ms (29%) 
550 nm 33 ± 1.6 𝜇s	(48%) 0.43 ± 0.12 ms (19%) 4.51 ± 2.3 ms (33%) 
600 nm 33 ± 1.6 𝜇s	(44%) 0.39 ± 0.15 ms (17%) 4.01 ± 1.9 ms (39%) 
650 nm 33 ± 1.6 𝜇s	(40%) 0.55 ± 0.11 ms (15%) 5.22 ± 2.5 ms (55%) 
700 nm 33 ± 1.6 𝜇s	(28%) 0.69 ± 0.15 ms (10%) 5.13 ± 2.2 ms (72%) 
750 nm 33 ± 1.6 𝜇s	(13%) 0.61 ± 0.18 ms (10%) 4.29 ± 2.3 ms (77%) 
800 nm 33 ± 1.6 𝜇s	(17%) 0.55 ± 0.14 ms (14%) 4.86 ± 2.7 ms (59%)  
 
Table 4-2 Wavelength dependent lifetime of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film 
Wavelength 𝜏1	(𝜂1)	 𝜏2	(𝜂2) 𝜏3	(𝜂3) 
500 nm 33 ± 1.6 𝜇s	(40%)	 0.39 ± 0.07 ms (13%) 3.82 ± 0.9 ms (47%) 
550 nm 33 ± 1.6 𝜇s	(30%) 0.52 ± 0.08 ms (16%) 6.37 ± 2.1 ms (54%) 
600 nm 33 ± 1.6 𝜇s	(38%) 0.39 ± 0.12 ms (13%) 4.64 ± 1.4 ms (41%) 
650 nm 33 ± 1.6 𝜇s	(22%) 0.39 ± 0.14 ms (7%) 4.00 ± 1.7 ms (71%) 
700 nm 33 ± 1.6 𝜇s	(12%) 0.43 ± 0.11 ms (7%) 4.68 ± 2.2 ms (81%) 
750 nm 33 ± 1.6 𝜇s	(13%) 0.46 ± 0.14 ms (7%) 4.12 ± 1.9 ms (80%) 
800 nm 33 ± 1.6 𝜇s	(19%) 0.72 ± 0.17 ms (6%) 4.90 ± 1.8 ms (75%)  
 
  A three exponential decay function is used to fit the TRPL spectra of the [Y(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 film and [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. Since the PL 
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intensity of the thin film is considerably weak, to obtain a clear PL signal, we have to 
use a large impedance of PMT (100K	Ω) to magnify the measured signal intensity. 
Hence, some of the decay process with lifetime shorter than the RC response time 
could not be measured in this experiment. Both in Table 4-1 and Table 4-2, the 
shortest lifetime, 𝜏1 (~30 𝜇s) equals to the RC response time of the measuring PMT. 
We believe this 𝜏1 is due to the singlet decay of the Zn(F-BTZ)2. There are also two 
long lifetimes 𝜏2 and 𝜏3 with component percentages of 𝜂2 and 𝜂3, corresponding to 
two triplet decay processes. According to these two tables above, the component 
percentages of the triplet decay seem to increase slightly at longer wavelengths. We 
assume that is because the triplet emission peak has a longer wavelength than the 
singlet, which means more triplet states can be detected as the wavelength extends 
further. 
		The wavelength dependent average lifetime of these two composite films are 
plotted in Figure 4-6. Since there are more triplet population at longer wavelengths, 
the average lifetime is increased from  1.5 ms to 3.6 ms in the [Y(F-TPIP)3]0.5[Zn(F-
BTZ)2]0.5 film and from 1.85 ms to 3.28 ms in the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. 
The reason we can only obtain around millisecond triplet lifetime is because of two 
temperature dependent processes, triplet-triplet annihilation (TTA) and reverse 
intersystem crossing (RISC), could quench a considerable number of triplets.  
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Figure 4-6. Average lifetime of [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 and [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 films at different wavelengths. The Black squares 
indicate the average lifetime of [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. The red dots 
represent the average lifetime of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5	
		More	 importantly,	 comparing	 the	 triplet	 lifetime	 of	 the [Y(F-TPIP)3]0.5[Zn(F-
BTZ)2]0.5 film and [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film, the expected reduction of 
chromophore’s lifetime in the Yb3+ containing film is not observed. That suggests the 
energy transfer from the chromophore is too small to cause a change of the 
measured triplet lifetime. As a result, we have used the error bar of the average 
triplet lifetime as an estimation of the largest triplet energy transfer rate that may 
occur, which is ~ 35 s-1. Also, since we cannot measure the true singlet lifetime, the 
energy transfer rate from singlet remains unknown. 
  Shown in Figure 4-7, we also performed TRPL measurement at 80K on these two 
composite thin films to minimise the influence of TTA and RISC process and make it 
clear that these two long lifetimes are from triplet. At 80K, these two triplet decay 
 Average lifetime of [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film 
 Average lifetime of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film
























lifetimes, 𝜏1	and	𝜏2, are extended to 69 ± 13 ms (13%) and 328 ± 35 ms (22%) in the 
[Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. For the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film, the 
lifetime of 𝜏1	and	 𝜏2	 are	 92	 ± 8 ms (22%) and	 330 ± 13 ms (78%), respectively. 
Unfortunately, the difference in triplet lifetime is still smaller than the error bar of 
the measurement. We still cannot obtain an accurate value of the energy transfer 
rate. Therefore, an alternative approach needs to be employed to investigate the 
energy transfer mechanism in order to study the energy transfer rate from triplet 
and singlet states. 
 
Figure 4-7. TRPL spectra at 80K. (a) TRPL spectra of [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 
film. (b) TRPL spectrum of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. These spectra at 
recorded at 550 nm, under 405 nm diode laser excitation. A cryostat is used to 
cool down the samples to 80K. Black dots indicate the measured TRPL data. Red 
curves represent the fitted decay curves.  
4.5 Sensitized TRPL spectrum of [Yb(F-TPIP)3]x[Zn(F-BTZ)2]1-x thin films. 
  The sensitised TRPL spectrum of a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film is measured to 
study the effect of sensitisation on Yb3+ photoluminescence lifetime at 1 𝜇m, shown 
in Figure 4-8. Four lifetimes are obtained by fitting with their component percentages. 
The shortest lifetime (τ1) of 0.22 ± 0.11 ms, with a component percentage of 6.8% is 
believed to result from Yb3+ ions that are close to residual quenching centres in the 
 100 
film. The longer lifetime (τ2) of 0.68 ± 0.15 ms (24.83%) corresponds to Yb3+ ions 
distant from quenching centres. These two lifetimes demonstrate that the film 
contains at least two quenching environments, which correspond to the quantum 
efficiencies (QEs) of 21% and 68%, respectively. Interestingly, the lifetime τ3 of 2.22 
± 0.5 ms (26.59%) and the longest lifetime τ4 of 10.2 ± 1.5 ms (45.7%) are considerably 
prolonged compared to that for direct excitation and exceed the intrinsic Yb3+ 
radiative lifetime (1 ms). In addition, these two prolonged lifetimes are comparable 
to the long phosphorescence lifetimes for the triplet emission (Table 4-1 and 4-2), 
which implies that energy transfer from the triplets is probably responsible.  
 
Figure 4-8. Directly excited and sensitised time-resolved room-temperature PL 
spectra of the co-doped film of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5. The green dots 
show the directly excited TRPL of the composite film, and the red dots show the 
sensitised TRPL. The orange and blue curves are obtained by fitting the decay 
traces using exponential decay functions. 
		















t1 = 0.22 ± 0.06 ms (6.8%)
t2 = 0.68 ± 0.15 ms (24.8%)
t3 = 2.22 ± 0.5 ms (26.6%) (prolonged) 
t4 = 10.2 ± 1.5 ms (41.8%) (prolonged) 
Directly excited Yb3+ TRPL
t = 0.46 ± 0.12 ms (in the air)
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  We also used a 940 nm pulsed laser to excite the film directly. Shown in Figure 4-8, 
no prolonged lifetimes are observed. That indicates these two prolonged decay 
processes have to be due to the energy transfer from the chromophore to the excited 
state of Yb3+. Herein, we assume there are two energy transfer routes during the 
sensitisation process. One energy transfer route is faster than the radiative decay 
rate of Yb3+ and gives a short measured lifetime of Yb3+. The second process 
corresponds to a slow energy transfer process which leads to the prolonged lifetime 
of Yb3+ 975 nm emission wavelength. More importantly, the prolonged decay 
processes seem to be directly linked to the triplet decay process, suggesting a strong 
dependence on the behaviour of triplet states. 
		Furthermore, we use a 405 nm laser to photosensitise another two Yb(F-TPIP)3 and 
Zn(F-BTZ)2 doped films with different doping concentrations to study the influence 
of doping concentration. Shown by Figure 4-9 (a), (b) and (c), four lifetimes and their 
component percentages are obtained. These four lifetimes have similar values in 
different concentration films, but their component percentages are different. The 
sum of the two prolonged component percentages and the average lifetime of these 
three films are plotted in Figure 4-9 (d).   
  According to Figure 4-9 (d), the component percentage of the prolonged process 
varies with film concentration. In the 23% Yb(F-TPIP)3 thin film, the prolonged decay 
process only takes 17% contribution to the overall decay, whilst this value increases 
to 55% in the 50% Yb(F-TPIP)3 film and 34% in the 78% Yb(F-TPIP)3 film. Consequently, 
the overall lifetime changes with the film concentration, giving an average lifetime of 
1.26 ms in the 23% film, 4.2 ms in the 50% film and 3.31 ms in the 78% film. The 
reason that the 23% Yb(F-TPIP)3 film has less prolonged decay component 
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percentage and average lifetime is that the TTA process quenches more triplet 
population in this high Zn(F-BTZ)2 concentration film. Due to the decrease of the 
triplet population, there are fewer triplets to contribute to the prolonged decay, 
which will result in the reduction of prolonged component percentage.  
 
Figure 4-9 (a), (b) and (c). TRPL spectra of a [Yb(F-TPIP)3]x[Zn(F-BTZ)2]1-x (x = 
0.23, 0.5, 0.78) film. These TRPL spectra are recorded at 975nm, excited by a 
405nm diode laser. A four-exponential decay function is used to fit the decay 
curve. (d) Average lifetime and component percentage of the prolonged decay. 
Left axis indicates the average lifetime. Right axis indicates the component 
percentages.   
4.6 Excitation pulse width dependent TRPL spectra 
  We performed an excitation pulse width dependent TRPL experiment to manipulate 
the component percentage of the prolonged decay process. The excitation pulse 
 103 
width is controlled by a TTL wavefunction generator, from 0.5 ms to 5 ms. The 
corresponding TRPL spectra are presented in Figure 4-10.  
 
Figure 4-10. Excitation pulse width dependent TRPL spectra of a [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. A 405nm diode laser is modulated by a pulse signal. 
The wavefunction generator controls the width of the excitation pulse.   
  Shown by Figure 4-10, when excited by the 0.5 ms laser pulse, the two prolonged 
decay lifetime 𝜏3 and 𝜏4 only makes 13.9% and 2.5% component percentage from the 
overall decay process. However, by increasing the excitation pulse width from 0.5 ms 
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to 5 ms, the component percentages of 𝜏3 and 𝜏4 increase to 36.5% and 17.9%. As a 
consequence, the average lifetimes under the different excitation pulses are also 
increased from 1.28 ± 0.15 ms to 3.68 ± 0.69 ms. That implies a longer laser pulse is 
producing more prolonged decay component percentage. We think it is because a 
longer excitation laser pulse width could generate more long-lived excited triplet 
population. As a result, there are more triplets to contribute to the slow energy 
transfer process, which leads to an increase in the prolonged decay component 
percentage.  
4.7 Modelling of the energy transfer mechanism from the chromophore to Yb3+. 
  4.7.1  A sensitisation energy transfer mechanism model 
  To further investigate the energy transfer mechanism from the Zn(F-BTZ)2 
chromophore to the Yb(F-TPIP)3 complexes, we built a set of rate constant equations 
to simulate the dynamics of the Yb3+ 4F7/2 excited state. The energy transfer diagram 
for our simulation is shown in Figure 4-11.  
 
Figure 4-11. Energy transfer diagram to simulate the energy transfer process 
from the Zn(F-BTZ)2 chromophore and Yb(F-TPIP)3. Red arrows indicate the 
excitation process. Blue arrows represent the deactivation process of the excited 
states. Yellow arrows suggest the energy transfer routes. 
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  In this sensitisation model, the population at the chromophore's ground state are 
promoted to excited singlet state with a pump rate 𝑅%. Some of these singlet states 
are then converted to triplet states via intersystem crossing (ISC). The population of 
singlet and triplet could decay to the ground state either via radiative or non-
radiative routes. The recombination rate of the singlet and triplet state without the 
presence of energy transfer process is given by 𝑅' and 𝑅&. During the sensitisation 
process, 𝑅' and 𝑅&  are competing with two sensitisation energy transfer rates 𝑅(&' 
and 𝑅(&&, which correspond to the energy transfer from the singlet state and triplet 
state, respectively. For the excited state of Yb3+, electrons can decay to the ground 
state radiatively or non-radiatively, giving a ~ 1 𝜇m emission with rate constant of 
𝑅DÂ.  
  It is worth to note that since the Zn(F-BTZ)2 molecule and Yb(F-TPIP)3 molecule are 
not bonded in the composite film, there is no intermolecular electron exchange. 
Förster resonant energy transfer (FRET) seems to be the only possible energy transfer 
mechanism to populate Yb3+ excited state.  
  There are several approximations made to simplify the sensitisation model:  
I. Since the energy gaps between the Yb3+ 4F5/2 energy state and the singlet 
and triplet of the chromophore are large, there is no back energy transfer to 
the chromophore. 
II. Because Yb3+ only has one excited energy state, electrons are directly excited 
to the 4F7/2 energy state. The fast relaxation process from ‘virtual’ energy 
state is ignored. 
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III. Energy transfer only happens from the lowest singlet and triplet excited 
states. The internal conversion process from higher vibrational level is 
considered to be ultra-fast. 
  4.7.2 Rate equations for simulation 
  We divide the simulation into two time regimes. The first time regime describes the 
time evolution of each individual excited state with an excitation pump rate. The 
population at each excited states depends on the width of the excitation laser pulse 
in which a longer laser pulse generates more excited state populations. The rate 
equations in the first time regime are listed below: 
EF-_¿8[]
E
= 𝑅% × V𝑁DÂ_¹6[𝑡] − 𝑁NX_¹6[𝑡] − 𝑁&X_¹6[𝑡]W − 𝑁'X_¹6[𝑡] × (𝑅' + 𝑅)'* +
𝑅(&')                                                                                                                                   (4-1) 
EÇ-_¿8[]
E
= 𝑁'X_¹6[𝑡] × 𝑅)'* − 𝑁&X_¹6[𝑡] × (𝑅& + 𝑅(&&)                                         (4-2) 
¸HÀ-_¿8[]
E
= (𝑁'X_¹6[𝑡] × 𝑅(&' + 𝑁&X_¹6[𝑡] × 𝑅(&&) × 𝑁DÂ¢_¹6[𝑡] − 𝑁DÂX_¹6[𝑡] ×
𝑅DÂ                                                                                                                                       (4-3) 
𝑁'X_¹6[0] = 0                                                                                                                     (4-4) 
𝑁&X_¹6[0] = 0                                                                                                                    (4-5) 
𝑁DÂX_¹6[0] = 0                                                                                                                  (4-6) 
𝑁ô¹õ¸[𝑡] = 𝑁I6_¹6[𝑡] − 𝑁NX_¹6[𝑡] − 𝑁&X_¹6[𝑡]                                                          (4-7) 
𝑁DÂ[𝑡] = 𝑁DÂ¢_¹6[𝑡] + 𝑁DÂX_¹6[𝑡]                                                                                  (4-8) 
  In the second regime, the rate equations describe the time evolution of excited 
state populations after the photoexcitation process is stopped. The initial value of 
each excited states in this time regime equal to the excited state population in the 
first time regime with a given excitation laser pulse width. Therefore, the solution of 
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those rate equations in the second time regime will simulate the TRPL decay process. 
Since the initial excited state population varies with the excitation laser pulse width, 
we expect a change of the component percentage. Rate equations in the second 
regime are given by Equation (4-9) to Equation (4-15). 
EF-_¿JJ[«]
E«
= −𝑁'X_¹SS[𝑡Q] × (𝑅' + 𝑅)'* + 𝑅(&')                                                      (4-9) 
EÇ-_¿JJ[«]
E«
= 𝑁'X_¹SS[𝑡Q] × 𝑅)'* − 𝑁&X_¹SS[𝑡Q] × (𝑅& + 𝑅(&&)                              (4-10) 
EHÀ-_¿JJ[«]
E«
= ¯𝑁'X¿JJ[𝑡Q] × 𝑅(&' + 𝑁&X¿JJ[𝑡Q] × 𝑅(&&° × (1 − 𝑁DÂX_¹SS[𝑡Q]) −
𝑁DÂX_¹SS[𝑡Q] × 𝑅DÂ                                                                                                           (4-11) 
𝑡Q = 𝑡 − 𝑡rhu`g`¹6	8gNr	õ8Nr	ø`¸s                                                                               (4-12) 
𝑁'X_¹SS[0] = 𝑁'X_¹6K𝑡rhu`g`¹6	8gNr	õ8Nr	ø`¸sL                                                        (4-13) 
𝑁&X_¹SS[0] = 𝑁&X_¹6K𝑡rhu`g`¹6	8gNr	õ8Nr	ø`¸sL                                                       (4-14) 
𝑁DÂX_¹SS[0] = 𝑁DÂX_¹6K𝑡rhu`g`¹6	8gNr	õ8Nr	ø`¸sL                                                    (4-15) 
  In these rate equations above, 𝑁'X[𝑡] , 𝑁&X[𝑡]  and 𝑁DÂX[𝑡]  indicate the time-
resolved population at the singlet state, triplet state and Yb3+ 4F5/2 excited state, 
respectively. The subscripts ‘on’ and ‘off’ indicate if the excitation laser pulse is 
exciting the sample. 𝑅 is the pump rate. It can be calculated via Equation (4-16):  
𝑅% = 	Φ × 𝜎I6 = 	P ×

su
× 𝜎I6                                                                                     (4-16) 
  In Equation (4-16), Φ is photon flux, which can be calculated by the products of 
pump power density P and 
su
. 𝜆 is the wavelength of the excitation laser pulse, ℎ is 
the Planck constant and 𝑐  is the speed of light. Moreover, 𝜎I6  is the absorption 
cross-section of Zn(F-BTZ)2. The value of 𝜎I6 at 405 nm is 1.67 ± 0.3 ×10-16 cm2 which 
can be obtained from the absorption spectrum of Zn(F-BTZ)2 in DMSO (Figure 4-5). 
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Herein, we use a 405nm excitation laser pulse of 1 ± 0.1 W/cm2 power density to 
excite the chromophore. Thus the calculated pump rate is 341 ± 6 s-1.  
  Furthermore, 𝑅'  is the singlet decay rate, 𝑅&  is the triplet decay rate, 𝑅)'*  is the 
intersystem crossing rate, and 𝑅DÂ  is the decay rate of Yb3+. The value of these 
parameters could be directly obtained from TRPL measurement. Some of these rates 
are already presented in previous discussions.52  
  As for the triplet energy transfer rate 𝑅(&&, since the difference of triplet lifetime is 
trivial in the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 and [Y(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 films, we 
use the error bar of ~35 s-1 as an estimation of the largest energy transfer that may 
happen.  
  Due to the complexity of these rate equations above, it is impossible to obtain the 
analytical solutions of these excited state population of Yb3+, 𝑁DÂX[𝑡]. We have to use 
numerical solutions to quantify the time evolution of these excited states. By feeding 
back those measured rate constants to the rate equations and giving an estimation 
of the unknown rate constant 𝑅(&', we can solve a series of simulated TRPL decay 
curves with a varying excitation laser pulse width. Hence, we can use exponential 
decay functions to fit those simulated curves and calculate the component 
percentage of each simulated decay process. The simulated component percentages 
under different excitation laser pulse widths are used to compare with the 
experimentally measured component percentage. An optimised fit quality can be 
obtained by adjusting the value of 𝑅(&', which ultimately gives us a fitted value of 
the singlet energy transfer rate. 
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  4.7.3 The fitting of prolonged decay processes 
  To simplify the simulation, we used the average of recombination rate of the triplet 
states and Yb3+ excited states as 𝑅&  and 𝑅DÂ. Hence, fitting the simulated TRPL decay 
curves will give us one Yb3+ intrinsic decay lifetime and one prolonged lifetime. 
Herein, we found that 𝑅(&' = 3 ± 0.5 × 107 s-1 is a value that allows us to have the 
best fitting quality on the measured prolonged decay component percentage, with a 
standard deviation of 6.13. Using the simulated singlet energy transfer rate, the 
average lifetime of the film is also simulated, giving a standard deviation of 0.46. And 
the comparisons of the simulated and experimentally measured prolonged decay 
component percentage and average lifetime are plotted in Figure 4-12. The 
simulation results are reasonably well-matched with the measured data points.   
 
Figure 4-12. Simulated prolonged component percentage and the average 
lifetime of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. To the left axis: Empty squares 
indicate the measured prolonged component percentage. Bule solid squares 
indicate the simulated prolonged component percentage. To the right axis: 
Black dots represent the measured average lifetime. Red dots demonstrate the 
simulated average lifetime. 		
 Measured prolonged component percentage
 Simulated prolonged component percentage
 Measured average lifetime
 Simulated average lifetime
          RETS = 3 ´ 107 s-1
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  To further validate the accuracy of the fitting, the simulated component percentage 
when 𝑅(&' equal to 2.5 × 107 s-1 and 3.5 × 107 s-1 are given in Figure 4-13. With an 
error bar of ± 0.5 × 107 s-1, the simulated prolonged component percentages are still 
comparable to the measured prolonged component percentage. We also tried to 
increase the value of 𝑅(&' to investigate the changing trend of prolonged component 
percentage against the singlet energy transfer rate. The details of the simulation are 
given in the following sections.   
 
Figure 4-13. The simulated prolonged component percentage with different 
values of 𝑹𝑬𝑻𝑺  . Black dots indicate the measured prolonged component 
percentage. Red, blue and green dots represent simulated prolonged 
component percentage with different singlet energy transfer rates.  
  4.7.4 Förster resonant energy transfer (FRET) rate calculation  
   In the simulation presented above, the triplet energy transfer rate we use is an 
estimated value. The error bar of the triplet decay rate is used as the largest triplet 
energy transfer rate we can achieve. Thus, we also calculated the triplet energy 
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transfer rate via the conventional way of FRET rate calculation to compare the 
calculated energy transfer rate with the estimated energy transfer rate. The 
traditional way of FRET rate calculation relies on the spectral overlap integral 
between the emission spectrum of the donor material and the absorption spectrum 








                                                                                            (4-21) 
𝑅¢ 	= 	8.79 × 10Té × ¯
ê«×ëä
6±
° × 𝐽(𝜆)                                                               (4-22) 
𝐽(𝜆) = 	∫ 𝐹³(𝜆) × 𝜀¡(𝜆) × 𝜆O𝑑𝜆                                                                         (4-23) 
  In these three equations above, 𝜏³  is the lifetime of the energy donor (in the 
absence of acceptor), and 𝑟  is the separation distance between the donor and 
acceptor. The parameter 𝑅¢ is known as Förster radius, which can be quantified by 
the spectral integral 𝐽(𝜆), the donor quantum efficiency 𝑄³, the refractive index 𝑛 
and the orientation factor κQ. For the calculation of triplet energy transfer rate, we 
use the phosphorescence spectrum of Zn(F-BTZ)2 to calculate the value of  𝐽(𝜆). In 
practice, it is hard to determine an accurate κQ. Depending on the material, κQ could 
vary from ~ 0.13 to 2.16. Thus, scientists usually take Q
Y
 as a default value of κQ . 
Moreover, the values of 𝜏³, 𝑅¢, 𝐽(𝜆) and κQ are presented in Table 4-3. 
Table 4-3 Value of parameters for FRET rate calculation 
Parameter 𝜏³ 𝜅Q n 𝐽(𝜆) 
Value 5.35 ±	0.89 ms 	
2
3 
1.47 4.5 ±	0.5 × 10X¢ Å6 
  Since measuring the donor-accepter separation distance within a composite thin 
film is challenging, we have to give an estimation of the separation distance as well. 
Herein, we use the molecule radius of the Yb(F-TPIP)3 molecule (~ 7 Å) and the 
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maximum working distance of FRET (~ 10 Å) as the minimum and maximum 
separation distance.   
  Feeding these parameters in Table 4-3 to Equation (4-21), with a separation 
distance from 7 to 10 Å and a donor quantum efficiency 𝑄³ of 10%, the calculated 
𝑅,+(&  varies from 64 s-1 to 5 s-1. It is noted that Equation (4-21) and (4-22) indicates 
the quantum yield of the energy donor 𝑄³  would only linearly scale the value of 
𝑅,+(&. Hence, as limited by the maximum and minimum value of 𝑄³, the calculated 
𝑅,+(&  is consistent with 𝑅(&&  within one order of magnitude.  
  4.7.5 Explanation of the prolonged decay 
  We consider there are two energy transfer routes to sensitise Yb3+ ions, one is from 
singlet, and another is from triplet. During the laser excitation process, both the 
singlet and triplet energy transfer can build up the population in the Yb3+ excited 
state. Once the excitation laser is turned off, these pre-built Yb3+ excited state 
population will directly decay to the ground state, with an intrinsic Yb3+ decay lifetime.  
  At the meanwhile, the remaining exited singlets and triplets still have the abilities 
to promote some ground state Yb3+ to their excited states. Among these two energy 
transfer processes, the singlet energy transfer rate, ~ 3 ± 0.5 × 107 s-1, is ~ 4 order of 
magnitude faster than Yb3+ intrinsic decay rate (1000 s-1). It will give a fast rise process 
to the Yb3+ excited state population. Hence, electrons promoted by this singlet 
energy transfer process will also decay to the ground state via the Yb3+ intrinsic decay 
route.  
  Nevertheless, the energy transfer mechanism from the remaining excited triplets is 
entirely different. In this composite material system, due to the slow triplet energy 
transfer rate and triplet depopulation rate, the triplets live longer than the Yb3+ 
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excited states. In addition, besides exciting nearby Yb3+ ions, the remained triplet 
excitons produced by the excitation laser pulse could diffuse via intermolecular 
interactions among Zn(F-BTZ)2 molecules to excite more distant Yb3+ ions. Thus, it is 
reasonable that the energy transfer from remained triplets keep exist until all of the 
triplet states decay to the ground state. As a consequence, we can observe a 
prolonged decay process with a lifetime that equals to the triplet lifetime in that 
material system. An empirical evidence is given by the simulated the TRPL decay 
curves of the triplet state and Yb3+ excited state in a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film 
with different triplet energy transfer rates, 𝑅(&& , and triplet depopulation rates 
without the energy transfer rate, 𝑅&. The simulated TRPL curves are shown in Figure 
4-14 and 4-15. 
 
Figure 4-14. Simulated TRPL decay curve of the triplet state and Yb3+ excited 
state in a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film with different triplet energy 
transfer rate RETT. The pulse width for the 405 nm excitation laser is 0.1 s.  
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 Figure 4-15. Simulated TRPL decay curve of the triplet state and Yb3+ excited 
state in a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film with different triplet depopulation 
rate RT. The pulse width for the 405 nm excitation laser is 0.1 s.  
  According to the simulation results, in Figure 4-14, with the increase in the triplet 
energy transfer rates, the fitted triplet lifetimes are correspondingly reduced. 
Meanwhile, for the TRPL decay of Yb3+ lifetimes, there are two fitted lifetimes. The 
short lifetime 𝜏Yb is consistent in each TRPL decay curve with different 𝑅(&&. For the 
fitted prolong lifetimes, they have the same values to the fitted triplet lifetimes, and 
the only difference is the amplitude of the prolonged decay that caused by different 
energy transfer rates. Also, in Figure 4-15, as the triplet depopulation rate decreases, 
the fitted triplet lifetimes 𝜏triplet and prolonged Yb3+ decay lifetimes 𝜏prolonged are 
reduced. And the values of the 𝜏triplet and 𝜏prolonged equal to each other in different 
simulated TRPL decay. Since 𝑅&  and 𝑅(&&  are the only two rates that affect the triplet 
lifetime, we can make an reasonable assumption that the prolonged lifetime always 
equals the triplet lifetime. This assumption is crucial to our simulation on the 
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temperature dependent prolonged decay rate which will be elaborated in the 
following section (Section 4.9).   
4.8 Discussion of the modelling of sensitisation energy transfer  
  4.8.1 The contribution of singlet energy transfer and triplet energy transfer 
  Feeding back the fitted singlet energy transfer rate, 3 × 107 s-1, to the first time 
regime of the model, we can simulate the ratio between the Yb3+ excited state 
population that is produced by singlet energy transfer and triplet energy transfer. 
The percentage of triplet contribution can be calculated via the Equation below, 𝑡 is 










                                                 (4-24)                               
  The simulated percentage of triplet energy transfer with a dependence of excitation 
pulse width is shown in Figure 4-16. 
 
Figure 4-16. The simulated triplet energy transfer contribution. 
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  As it is shown in the figure above, the contribution of triplet energy transfer to Yb3+ 
excited states increases with the extension of excitation laser pulse width. That 
suggests the population of triplet state takes longer to achieve the steady state than 
the singlet state. It is surprising that, even when the triplet state population reaches 
the steady state, the triplet energy transfer only makes maximumly ~ 12% 
contribution to the Yb3+ excited state population. In contrast, the singlet energy 
transfer process contribute the rest 88% of Yb3+ excited state population. We 
consider the reason for the triplet to produce less Yb3+ excited state population is 
that the triplets have very low quantum efficiency at room temperature. If we 
assume the lifetime of triplets (~ 0.3 s) at 80K corresponds to the intrinsic lifetime 
with 100% quantum efficiency, the triplet quantum efficiency at room temperature 
(~ 10 ms) is only 0.3%. However, for the singlet state, it has nearly 100% quantum 
efficiency at room temperature. Since the rate of Förster energy transfer increases 
linearly with the donor quantum efficiency, which is shown in Equation (4-22), it is 
reasonable that singlet contributes more Yb3+ excited state population than triplets. 
  4.8.2 Effect of changing RT and RETT 
  Various 𝑅& , 𝑅(&&  and 𝑅(&'  values are fed back to the rate equation model to 
investigate their influence on the prolonged component percentage. Figure 4-17 
illustrates the prolonged component percentage with 𝑅&  changing from 100 s-1 to 
500 s-1. Herein, we fix the value of 𝑅(&&  and 𝑅(&' to 35 s-1 and 3 × 107 s-1. It is noted 
that the prolonged component percentage drops with the increase in 𝑅&. Given the 
fastest 𝑅&  of 500 s-1, the maximum prolonged component percentage is ~ 20 %. In 
contrast, the prolonged component percentage can achieve ~ 65 % with a minimum 
𝑅&	of 100 s-1. That is because a faster 𝑅&  reduces the triplet population, which can 
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contribute to the energy transfer process, and this will reduce the number of Yb3+ 
ions to be excited. It is noteworthy that, the curvatures of these five excitation pulse 
width dependent curves become sharper with the increasing of 𝑅& . This 
demonstrates that a faster 𝑅&	enables triplet population to reach their steady-state 
in a shorter time period.  
 
Figure 4-17. Simulated prolonged component percentage under different 
triplet decay rate RT. Triplet energy transfer rate RETT is 35 s-1, singlet energy 
transfer rate is 3 × 107 s-1. 
  The simulated prolonged component percentages with different triplet energy 
transfer rates 𝑅(&&  are shown in Figure 4-18. Similar to the data shown in Figure 4-
17, since increasing the triplet energy transfer rate also gives triplets a faster de-
population rate, the prolonged component percentage saturates earlier with shorter 
excitation pulse widths as well. However, different from changing 𝑅&, the value of 
prolonged component increase dramatically with the increase in the triplet energy 
transfer rate 𝑅(&&. According to Figure 4-18, the prolonged component percentage 
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increases from ~ 20 % to ~ 99%, while the triplet energy transfer rates changing from 
5 s-1 to 400 s-1. The Yb3+ intrinsic decay process becomes too small to be fitted when 
𝑅(&&  exceeds 400 s-1. That implies these higher triplet energy transfer rates give 
triplets higher chances to excite Yb3+ ions, which will consequently introduce more 
prolonged decay process to the overall decay.  
 
Figure 4-18.  The simulated prolonged component percentage under different 
triplet energy transfer rate RETT. Triplet radiative decay rate is 35 s-1, singlet 
energy transfer rate is 3 × 107 s-1. 
  In conclusion, the simulation results of changing 𝑅(&&  and 𝑅&  indicate that we can 
manipulate the percentage of the prolonged decay process by changing the values 
of these two rate constants. Optimally, we can obtain an excitation mechanism 
dominated TRPL with a prolonged decay component percentage of ~ 100 %. However, 
as a higher energy transfer rate accelerate the de-population process of triplet, the 
extension of the prolonged decay component percentage leads to a sacrifice of the 
length of prolonged lifetime. As a result, some approaches need to be developed to 
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reduce 𝑅&  in order to compensate the reduced prolonged lifetime that caused by 
increasing energy transfer rate. One of the most effective approaches to reduce 𝑅&  
is measuring the TRPL spectrum under low temperature (~ 80K), which can suppress 
these thermal-related non-radiative process such as TTA and RISC. The prolonged 
TRPL spectrum of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film will be introduced in the last 
section.   
  4.8.3 Effect of changing RETS 
  The change of prolonged component percentages with different singlet energy 
transfer rate 𝑅(&' is presented in Figure 4-19. Since the singlet energy transfer rate 
does not affect the triplet de-population rate, the curvatures of the prolonged 
component percentages in Figure 4-19 remains the same. However, the prolonged 
component percentages are reduced due to the increase in the singlet energy 
transfer rate. We attribute that to two reasons. First of all, due to the increase in 
singlet energy transfer rate, there are fewer singlets can be converted to the triplet 
which consequently reduce the total number of the triplet to produce the prolonged 
lifetime. Also, increasing singlet energy transfer rate allow us to build more initial 
Yb3+ excited state population during the laser excitation. That will increase the 
number of Yb3+ excited state that decay to the ground state via the intrinsic decay 
route.   
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Figure 4-19. The simulated prolonged component percentage under different 
triplet energy transfer rate RETT. Triplet radiative decay rate is 35 s-1, triplet 
radiative decay rate is 134 s-1. 
4.9 Persistent 1 𝜇m photoluminescence at 80K 
  4.9.1 Low temperature TRPL of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film 
  Since the drop of temperature can reduce the triplet decay lifetime, the prolonged 
lifetime can potentially be extended to a longer time scale. Therefore, we also 
measured the 975 nm TRPL of the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film at low 
temperature. Instead of just measuring the TRPL spectrum at 80K, we performed a 
temperature dependent measurement from 80K to 293K. The fitted lifetimes and 
their component percentages are given in Table 4-4. The control of temperature and 
the experiment design of the low temperature TRPL measurement are introduced in 
Chapter 3.  
 






























Table 4-4. 975nm Lifetime of [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5  film with temperature from 
293K to 80K 
Temperature K 𝜏Yb	(𝜂Yb)	 𝜏prolonged	(𝜂prolonged) 
293  419 ± 31 (15.7%) 9.7 ± 2.3 (84.3%) 
280  425 ± 37 (13.8%) 15.0 ± 2.1 (86.2%) 
270  394 ± 41 (11.7%) 17.9 ± 1.9 (88.3%) 
260  366 ± 33 (9.5%) 21.3 ± 2.4 (90.5%) 
250  367 ± 40 (6.9%) 28.4 ± 2.6 (93.1%) 
240  371 ± 39 (5.2%) 39.1 ± 3.3 (94.8%) 
230  385 ± 45 (3.8%) 50.1 ± 4.3 (96.2%) 
220  391 ± 52 (2.9%) 63.9 ± 5.4 (97.1%) 
210  396 ± 33 (2.2%) 77.1 ± 7.8 (97.8%) 
200  429 ± 37 (1.9%) 97.3 ± 8.8 (98.1%) 
190  466 ± 43 (1.6%) 112.4	± 11.4 (98.4%) 
180  487 ± 44 (1.3%) 125.7 ± 13.1 (98.7%) 
170  513 ± 61 (1.1%)  140.6 ± 15.3 (98.9%) 
160  442 ± 53 (0.9%) 153.0 ± 15.7 (99.1%) 
140  547 ± 70 (0.8%) 189.7 ± 17.3 (99.2%) 
120  639 ± 74 (0.6%) 218.9 ± 22.2 (99.4%) 
100  515 ± 51 (0.3%) 253.9 ± 26.4 (99.7%) 
80  623 ± 75 (0.2%) 304.7 ± 29.7 (99.8%) 
  Illustrated by Figure 4-20 (a), as the temperature reduces from 293K to 250K, 200K, 
160K and 80K, the integrated TRPL area of the prolonged decay increases 
dramatically. Also, in Figure 4-19 (b), a clear extension of the prolonged decay 
lifetime is observed. The increase in the integrated area and prolonged lifetime both 
suggest the quantum efficiency of the triplet is increased with the reduction of 
temperature. Furthermore, we use a contour-colour map to display a more complete 
temperature dependent TRPL spectrum of the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5  film 
which is shown in Figure 4-20 (c). The colour from red to dark blue indicates the drop 
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of PL intensity. It can be clearly seen that the prolonged emission lifetime is obviously 
increased at a lower temperature, giving a prolonged lifetime as long as 304.7 ± 29.7 
ms at 80 K, which takes nearly 99.8% of the overall decay process. This distinct 
extension of prolonged lifetime suggests that as the triplet lifetime is greatly 
increased at low temperature, it has a much higher probability to excite Yb3+ ions and 
produce the prolonged decay process. That is more evidence to support our 
simulation result that the triplet contributes less to the Yb3+ excited state population 
than the singlet due to its low quantum efficiency at room temperature (See Figure 
4-16). 
 
Figure 4-20. (a) TRPL spectra of a [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5  film under 
different temperature. (b) The integrated area of prolonged decay. (c) A 
contour-colour display of the temperature dependent TRPL spectrum on a 
[Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5  film. The colour form red to dark blue indicates the 
decreasing trend of PL intensity.   
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  4.9.2 Modelling of the temperature dependent prolonged decay rate.  
  We attribute the increase in the triplet lifetime to the suppression of the thermal-
activated quenching route. A simple model is built to add the thermal-activated 
reverse intersystem crossing (RISC) process into the rate equations to simulate the 
triplet decay rate with dependence temperature dependence. As we have discussed 
in the modelling of Yb3+ TRPL at room temperature, the analytical solution of the Yb3+ 
excited state population is impossible to be obtained from our rate equation model. 
Therefore, it is hard to define an expression that can directly describe the prolonged 
decay rate, which makes it hard for us to simulate the prolonged decay rate with 
temperature dependence. Thus, an assumption is made to allow us to use the 
expression of the simulated triplet decay rate to fit the measured temperature 
dependent Yb3+ prolonged decay rate, since it is easier to obtain the analytical 
solution of the triplet state from our rate equation model. As it is explained in Section 
4.7.5, with different 𝑅(&&  and 𝑅&  (without the presence of energy transfer), the 
fitted prolonged lifetimes in the simulated TRPL spectra of Yb3+ always equal to the 
fitted triplet lifetime in the simulated TRPL spectra of the triplet. Therefore, they are 
evident that the value of the prolonged lifetime should be equal to the triplet decay 
rate, which means we can potentially use the expression for the triplet decay rate to 
fit the measured prolonged decay rate of Yb3+ with a temperature dependence.     
  Shown in Figure 4-21, we consider that while the intersystem crossing (ISC) process 
is converting singlet states to triplets, the RISC process is also reverting some triplet 
states to singlets. This RISC process will lead to a decrease in triplet lifetime. The rate 
of RISC is given by Equation (4-25)  
𝑅+)'* = 𝑅)'* × e
T △×ØÙ×Ç                                                                                                   (4-25) 
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△ 𝐸 is the energy gap between singlet and triplet, 𝐾Ë is Boltzmann constant (8.6×10-
5 eV/K).  
 
Figure 4-21. The dynamic of singlet and triplet with the RISC process. 
  Assuming a 405 nm laser pulse with 1W/cm2 power density is used to excite the 
sample and build up the S1 and T1 populations. The dynamics of the excited singlet 
and triplet population can be simulated by Equations (4-26) to (4-29), shown below: 
EF[]
E
= −𝑁'[𝑡] × 𝑅)'* − 𝑁'[𝑡] × 𝑅' − 𝑁'[𝑡] × 𝑅(&'+𝑁&[𝑡] × 𝑅+)'*                  (4-26) 
EÇ[]
E
= −𝑁&[𝑡] × 𝑅& − 𝑁&[𝑡] × 𝑅+)'* − 𝑁&[𝑡] × 𝑅(&& + 𝑁'[𝑡] × 𝑅)'*               (4-27) 
𝑁ú[0] = A                                                                                                                           (4-28) 
𝑁Q[0] = B                                                                                                                           (4-29) 
  𝑅' is the singlet recombination rate without energy transfer, 𝑅)'*  is the intersystem 
crossing rate (ISC), 𝑅+)'*	is the reversed intersystem crossing rate, A and B are the 
initial population of S1 and T1 state. By solving the rate equations, we can obtain an 
analytical solution of 𝑁&[𝑡]. Due to the complexity of the equation, we use the term 
'C', 'D' and 'E' to represent some of the expressions. 
𝑁&[𝑡] = (𝐴 × (−𝐶 + 𝐷) − 2B × 𝑅)'*) × 𝑒T((P³) + 𝐶 × 𝑒T((T³)                       (4-30) 
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𝐶 = 	𝑅' +	𝑅(&' +	𝑅)'* −	𝑅& −	𝑅(&& −	𝑹𝑹𝑰𝑺𝑪                                                      (4-31) 
𝐷 =	 ((𝑅' +	𝑅(&' +	𝑅)'* +	𝑅& +	𝑅(&& + 𝑹𝑹𝑰𝑺𝑪)Q − 4(	𝑹𝑹𝑰𝑺𝑪 ×	𝑅' + (	𝑅' +
	𝑅)'*) × (	𝑅(&& + 𝑅&) +	𝑅(&' × (	𝑅(&& + 𝑹𝑹𝑰𝑺𝑪 +	𝑅&)))
-
«                                    (4-32) 
𝐸 = 𝑅' +	𝑅(&' +	𝑅)'* +	𝑅& +	𝑅(&& + 𝑹𝑹𝑰𝑺𝑪                                                        (4-33) 
  Equation (4-30) implies there are two exponential processes in the excited state of 
triplet 𝑒T((P³) and 𝑒T((T³). Since both the term D and E contain the temperature 
dependent rate 𝑅+)'* , we can potentially use the rate 𝐸 + 𝐷  or 𝐸 − 𝐷  to fit the 
measured prolonged decay rate with a temperature dependence. Herein, we use an 
estimated ∆E from the literature reported singlet and triplet energy separation of 
Zn(F-BTZ)2 (0.14 eV)52 to plot the value of 𝐶, −𝐶 + 𝐷, 𝐷 and 𝐸 with a temperature 
dependence to determine if these two exponential processes are rise or decay 
processes. 
 
Figure 4-22. The calculated value of term 𝑪, −𝑪 +𝑫, 𝑫 and 𝑬 in the analytical 
solution of 𝑵𝑻[𝒕].  
  In Figure 4-22 (b), the value of the term −𝐶 + 𝐷 is negative. Since 𝐵 and 𝑅)'*  are 
positive values, the value of 𝐴 × (−𝐶 + 𝐷) − 2B × 𝑅)'*  has to be negative. 
Therefore, the exponential process (𝐴 × (−𝐶 + 𝐷) − 2B × 𝑅)'*) × 𝑒T((P³) is an 
exponential rise process with a rise rate of 𝐸 + 𝐷. This process may be due to the 
intersystem crossing process.  
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  Furthermore, shown by Figure 4-22 (a) and (b), since term 𝐶 and 𝐸 − 𝐷 are positive, 
the component 𝐶 × 𝑒T((T³) has to be an exponential decay process with a decay 
rate of 𝐸 − 𝐷. Thus, this exponential decay process should represent the decay of 
the triplet state population. Again, according to our assumption that the triplet decay 
rate equals to the prolonged decay rate (See section 4.7.5), we can use the simulated 
triplet decay rate 𝐸 − 𝐷  to fit the measured temperature dependent prolonged 
decay rate to simulate the energy gap between the singlet state and triplet state of 
Zn(F-BTZ)2. 
 
Figure 4-23. Measured and simulated prolonged Yb3+ decay rate with the 
dependent of temperature. 
  In Figure 4-23, the simulation indicates a fitted energy gap of 0.17 ± 0.01 eV 
between the singlet state and triplet state of Zn(F-BTZ)2. The blue and green curve 
demonstrates the variation of fitting result with the ± 0.01 eV error bar. The fitted 
energy gap is the same order as the singlet-triplet energy separation in the in the 
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literature. This simulation implies that the RISC process could be a dominant 
quenching route in this sensitisation material system. Also, this result suggests that 
the use of a chromophore material with a larger singlet-triplet energy separation 
would provide a route to exceptionally prolonged room temperature Yb3+ PL 






Chapter 5. Bright Nd3+ photoluminescence and a quantitative 
study of the PL intensity enhancement 
5.1 PL spectrum of pure Nd(F-TPIP)3 powder 
  Figure 5-1 demonstrates the PL spectrum of a pure Nd(F-TPIP)3 powder which is 
recorded under the excitation of a 570 nm pulsed laser (OPO Nd:YAG). The three 
peaks at 890 nm, 1060 nm and 1330 nm correspond to three Nd3+ radiative 
transitions: 4F3/2 -> 4I9/2, 4F3/2 -> 4I11/2 and 4F3/2 -> 4I13/2. Unfortunately, we are not able 
to record the other transition peak at ~ 1800 nm (4F3/2 -> 4I15/2) due to the limitation 
of the detection range of our PMT. Therefore, the branching ratio of those four 
transitions from Nd3+ 4F3/2 energy level cannot be calculated from this emission 
spectrum. Nevertheless, the peak intensity ratios between these three measured 
peaks still imply the relative transition intensity.  
 
Figure 5-1. PL spectrum of a pure Nd(F-TPIP)3 powder. The powder is 
photoexcited by a 570 nm OPO pulsed laser. Spectrum curve from 1100 nm to 
1200 nm is manually cut off to get rid of the Idler signal at ~ 1100 nm.     


























  According to the PL spectrum, in our material system, most of the populations in 
the Nd3+ 4F3/2 energy level decay to the 4I9/2 and 4I11/2 energy level, giving emission at 
890 nm and 1060 nm. That is in agreement with most of the reported Judd-Ofelt 
analyses on Nd3+ in which the transitions at 890 nm and 1060 nm always have 
stronger oscillator line strength than the other two transitions.113,114 That would 
explain why it is easier to use Nd3+ containing materials to make devices that working 
at 1060 nm rather than 1330 nm.  
5.2 Time-resolved photoluminescence (TRPL) spectrum of Nd(F-TPIP)3 
  Figure 5-2 shows the TRPL spectra of pure Nd(F-TPIP)3 powder and thin film at the 
wavelength of 1060 nm. Both the powder and film are directly excited by a 570 nm 
pulsed laser. A three exponential decay function is used to fit the TRPL curve of Nd(F-
TPIP)3 powder. Among the fitted lifetimes, 𝜏1 with a lifetime of 4.2 𝜇s takes 11.8% of 
the total decay. 𝜏2 has ~12.8 𝜇s lifetime and 85.7% component percentage. Moreover, 
the longest lifetime 𝜏3 equals to 122.5 𝜇s but only contributes 4.5% to the overall 
decay process. Using the component percentage of these three lifetimes, we can 
calculate the average lifetime of the powder, which is ~ 16.9 𝜇s. Furthermore, the 
TRPL spectrum of pure Nd(F-TPIP)3 film can be fitted with a two exponential decay 
function, giving a short lifetime 𝜏1 of ~ 76.6 ± 5.1 𝜇s (96%) and a long lifetime 𝜏2 of ~ 
700 ± 201 𝜇s (4%). 
  Since different hosting environments only have minor effects on the intrinsic 
lifetime of Nd3+ which is due to the shielding of 5s and 5p orbitals, we use the most 
widely reported ~ 200 𝜇s intrinsic lifetime of Nd3+ as a reference to investigate the 
quantum efficiency of our material.113,114 Thus, these three lifetimes from the TRPL 
spectrum of Nd(F-TPIP)3 powder represent three processes with quantum efficiency 
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of ~ 2.1%, ~6% and ~61.3%. For the quantum efficiencies in the thin film, since the 
long lifetime has very weak emission intensity and small component percentage, the 
fitting of this lifetime has a huge error bar. Therefore, we consider this long lifetime 
corresponds to a decay process with ~100% quantum efficiency. For the short 
lifetime 𝜏1 (76.6 𝜇s) in the thin film, it indicates the majority of Nd3+ excited states 
(96%) decay to the ground state via a route with ~ 38.3% quantum efficiency. 
  The reason for the lifetime being longer in the thin film can be ascribed to the better 
encapsulation of our thin film sample. A layer of 500 nm thick aluminium is deposited 
on the top of the Nd(F-TPIP)3 to isolate the material from H2O molecules in the air. 
As a consequence, some of the quenching routes in the powder sample are 
suppressed, which leads to an increase in lifetime and quantum efficiency. 
 
Figure 5-2. TRPL spectra of pure Nd(F-TPIP)3 powder and thin film at 1060 nm. 
(a) TRPL spectrum of Nd(F-TPIP)3 powder. (b) TRPL spectrum of Nd(F-TPIP)3 thin 
film. The film is covered by a 100 nm thick Al layer.  
5.3 Sensitised PL spectrum of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x thin films 
  Apart from characterising the optical properties of pure Nd(F-TPIP)3 powder and 
film, an organic chromophore Zn(F-BTZ)2 is co-doped with Nd(F-TPIP)3 to investigate 
the sensitisation effect. Several films with different concentrations are produced, the 
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thickness of Zn(F-BTZ)2 is fixed at 50 nm to give a fixed number of the chromophore. 
And the thickness of Nd(F-TPIP)3 are fabricated to be 50 nm, 100 nm, 200 nm, 500 
nm and 1000 nm, which correspond to the Nd(F-TPIP)3 concentration of 23%, 37%, 
55%, 78% and 85%, respectively.  
  A 405 nm diode laser photoexcites these [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x (x= 0.23, 0.38, 
0.55, 0.78 and 0.85) composite films to give the sensitised PL spectra that are shown 
in Figure 5-3. The emission band of both Zn(F-BTZ)2 and Nd3+ are observed in these 
PL spectra. The emission peak that is centred at ~ 500 nm corresponds to the 
fluorescence of singlet emission in the Zn(F-BTZ)2 chromophore. Same as the PL 
spectra of Yb3+ doped film in Chapter 4 (Figure 4-4), we can’t observe a clear triplet 
emission peak which should be centred at ~ 530 nm. Again, that could be ascribed to 
the quenching of TTA and RISC process at room temperature, which leads to the short 
triplet emission lifetime and weak intensity. Nevertheless, according to the PL 
spectra, the FWHM of Zn(F-BTZ)2 emission narrows with the increase in Nd3+ 
concentration. That indicates increasing Nd3+ ions in the composite film could 
consume more triplet excitons in Zn(F-BTZ)2. It is noticed that the Zn(F-BTZ)2 emission 
peak is broader in the 38% Nd3+ film than in the 23% Nd3+ film. That could be due to 
Zn(F-BTZ)2 degrading faster in the low Nd3+ concentration film. We consider the 
degradation is due to the impurities contained in the film. A higher Zn(F-BTZ)2 
concentration will increase the chance for the pure material to interact with 
impurities, which gives a faster degradation rate. Even though we have tried to purify 
our material via vacuum deposition (See Chapter 3) for several times, it seems that 
the impurity level is still significant to affect the stability of our samples. To further 
reduce the impurity level, attaching a cold trap to the vacuum pump may be useful.   
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  Furthermore, there are 4 peaks at NIR range representing four radiative decay 
processes from Nd3+ ions. The peak at ~ 808 nm indicates the transition from Nd3+ 
4F5/2 level to the 4I9/2 ground state. The other three emission bands at ~ 890 nm,  
~1064 nm and ~ 1330 nm represent the transitions from Nd3+ 4F3/2 excited state to 
4I9/2, 4I11/2 and 4I13/2, respectively.  
 
Figure 5-3. (a) PL spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x composite thin films 
(x= 0.23, 0.38, 0.55, 0.78 and 0.85). The spectra are recorded under an 
excitation wavelength of 405 nm. Curves of different colour indicate different 
film concentrations. The PL intensities of these spectra are normalised at 480 
nm. (b) emission intensity ratio between Nd3+ and Zn(F-BTZ)2. 
  Illustrated by Figure 5-3 (b), we converted wavelength to photon energy and 
calculated the integrated area of the emission peaks of Nd3+ and Zn(F-BZT)2 to 
represent their overall emission intensities. The calculation indicates that with the 
increase in Nd3+ concentration, the ratio of Nd3+ emission intensity over Zn(F-BTZ)2 
emission intensity increases from 0.04 to 0.25. Since Zn(F-BTZ)2 has a very large 
absorption cross-section, 1.6 × 10-16 cm2,  and a high quantum efficiency of singlet 
decay, its emission cross-section should be within the same order of magnitude, 
which suggests Zn(F-BTZ)2 is a very emissive material. Thus, the maximum Nd3+ 
overall emission intensity ratio of 0.25 demonstrates that we generated a 
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significantly number of Nd3+ excited states via the sensitisation. That is an evidence 
of fast energy transfer rate in our composite material system.   
 
Figure 5-4. The spectral overlap between the emission spectrum of Zn(F-BTZ)2 
and the absorption spectrum of  Nd3+. The spectra intensity are normalised in 
this graph.  
  The spectral overlap between Nd3+ absorption spectrum and Zn(F-BTZ)2 emission 
spectra in Figure 5-4 is another evidence of the efficient sensitisation in these 
composite films. The Nd3+ absorption bands at 520 nm and 570 nm could be well 
coupled with the emission spectrum of Zn(F-BTZ)2, which spans from ~450 nm to 
~700 nm. Comparing to the trivial spectral overlap between Yb3+ and Zn(F-BTZ)2 (See 
Figure 4-1 and Figure 4-4), it is reasonable that the energy transfer rate from Zn(F-
BTZ)2 to Nd3+ is much higher than the energy transfer rate to Yb3+. This larger energy 
transfer rate gives Nd3+ much stronger sensitised PL intensity than Yb3+.    
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 Basing on the spectral overlap above, the Förster energy transfer rate in [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films can be calculated via a conventional FRET rate calculation. 
The equations to calculate FRET rate have already been given in Chapter 4 by 
Equation (4-21) to (4-23). In this chapter, both the singlet energy transfer rate 𝑅(&' 
and triplet energy transfer rate 𝑅(&&  are calculated with the fluorescence and 
phosphorescence spectra of Zn(F-BTZ)2. The parameters to calculated FRET rate in 
[Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films are given in Table 5-1. 
Table 5-1. Parameters for FRET rate calculation in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films 
Parameter 𝜏³ 𝜅Q n 𝐽(𝜆) 
Values for 𝑅(&' 
Values for 𝑅(&&  
0.3 ± 0.05 s  
 2 ± 0.3 ns  




1.3 ±	0.7 × 10XO Å6 
2 ±	0.4 × 10XO Å6 
  Feeding singlet lifetime and triplet lifetime to Equation (4-21) to (4-23), we can 
obtain the calculated singlet energy transfer rate and triplet energy transfer rate. For 
the singlet energy transfer, assuming it has a quantum efficiency of 100%, the 
calculated singlet energy transfer rate is ~ 2.5 ± 1.3 × 109 s-1 to 7.7 ± 1.3 × 108 s-1 
with the separation distance from 7 Å to 10 Å.  For the triplet energy transfer rate, 
assuming it has a low quantum efficiency at room temperature (3%), with the 
separation distance 𝑟 from 7 Å to 10 Å, the calculated FRET rate varies from 3853 ± 
770 s-1 to 590 ± 118 s-1.  
5.4 Measured triplet energy transfer rate at room temperature 
  According to Equation (5-1), the triplet energy transfer rate can also be obtained by 






)                                                                            (5-1) 
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  Herein, we use the organic complexes of non-emissive Y3+ ions, Y(F-TPIP)3, as a 
control group to measure the 550 nm lifetime of [Y(F-TPIP)3]x[Zn(F-BTZ)2]1-x films in 
order to obtain the triplet lifetime without Nd3+ as an accepter. Meanwhile, the TRPL 
spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x at 550 nm are recorded to calculate the triplet 
energy transfer rate in this material system.   
  Figure 5-5 illustrates the TRPL spectra of 5 different concentration [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films (x=0.23, 0.38, 0.55, 0.78 and 0.85) at a wavelength of 550 
nm. Three lifetimes are obtained via three exponential decay fitting. The short 
lifetime 𝜏1 indicates the decay of singlet. Same as the previous measurement on thin 
films, the true singlet lifetime is covered by the RC response time of the optical 
measurement system with a PMT impedance of 100KΩ (~ 30 𝜇s).  We attempted to 
use lower impedances to reduce the RC response time. Unfortunately, the signal 
intensity with lower impedance is too weak for us to record the TRPL spectra. The 
two long lifetimes, 𝜏2 and 𝜏3, in these 5 TRPL spectra describe the triplet decay 
process. In different concentration films, the triplet lifetime didn’t change a lot, with 
an average triplet lifetime from ~ 600 𝜇s to 800 𝜇s. The corresponding triplet decay 
rates in each film at room temperature are plotted in Figure 5-5 (f).             
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Figure 5-5. TRPL spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x (x= 0.23, 0.38, 0.55, 
0.78 and 0.85) composite thin films at 550 nm. From (a) to (e), black dots 
indicates the measured TRPL decay curve. Red lines represent the fitted decay 
curve. Samples are excited by a 405 nm diode laser. 
  Furthermore, Figure 5-6 demonstrates the TRPL spectra of [Y(F-TPIP)3]x[Zn(B-
BTZ)2]1-x (x= 0.23, 0.38, 0.55, 0.78 and 0.85) composite films. We used a three 
exponential decay function to fit the measured decay curves. Same to the TRPL 
spectra of Nd3+ doped sample, the shortest lifetime, 𝜏1, represents singlet decay and 
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is also covered by the RC response time. The other two lifetimes 𝜏2 and 𝜏3 imply two 
decay routes of the triplet state. Calculated with the component percentage of 𝜏2 and 
𝜏3, the overall triplet decay rate in these films are shown in Figure 5-6 (f).  
 
Figure 5-6 TRPL spectra of [Y(F-TPIP)3]x[Zn(B-BTZ)2]1-x (x= 0.23, 0.38, 0.55, 0.78 
and 0.85) composite thin films at 600 nm. Black dots indicate the measured 
TRPL decay curve. Red lines represent the fitted decay curve. Samples are excited 
by a 405 nm diode laser.   
  According to Figure 5-6, we can observe a concentration dependent trend of the 
measured triplet decay lifetime. With the increase in Y(F-TPIP)3 concentration, 𝜏2 are 
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increased from 491.7 𝜇s to 2.16 ms,  and 𝜏3 are increased from 9.65 ms to 14.9 ms. 
The average triplet lifetime is also increased from 5.12 ms to 11.5ms. We attribute 
the increase in triplet lifetime to the reduction of TTA rate. In a composite film, 
triplets at different molecules need to hop from one to another so as to be quenched 
by the 𝑇X +	𝑇X → 𝑆X + 𝑆¢  mechanism. If the films are diluted by the Y(F-TPIP)3 
molecules, the separation distance between Zn(F-BTZ)2 are enlarged. Then, triplets 
need to hop a longer distance until it is annihilated by the other triplet, which will 
reduce the rate constant of TTA process.       
 
Figure 5-7 Triplet energy transfer rate from TRPL measurement. 
  Basing on the measured triplet lifetimes in [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x and [Y(F-
TPIP)3]x[Zn(B-BTZ)2]1-x films, we can calculate the measured triplet energy transfer 
rate at via Equation (5-1). The calculated triplet energy transfer rates at room 
temperature are presented in Figure 5-7. All of these rates look similar within their 
error bars. At room temperature, the triplet energy transfer rates in those different 
concentration films are around  ~ 800 to 1300 s-1. These rates are comparable to the 


























calculated FRET rate with a 7 Å separation distance and 3% quantum efficiency (See 
Section 5-3). Since the FRET rate is proportional to 𝑟T, it is quite easy to increase 
the calculated FRET rate by one order of magnitude with a slight decrease of 𝑟 . 
Nevertheless, even if we use the maximum separation distance 10 Å to calculate the 
energy transfer rate, a 384 s-1 FRET rate is within the same order of magnitude of the 
measured triplet energy transfer rate at room temperature. 
5.5 Triplet energy transfer rate at 80K 
  Both the [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x and [Y(F-TPIP)3]x[Zn(F-BTZ)2]1-x films (x = 0.23, 
0.38, 0.55, 0.78 and 0.85) were placed into a liquid nitrogen cooled cryostat (see 
Chapter 3) to measure the triplet lifetime at 80K. All of these lifetimes are recorded 
at 550 nm, which corresponds to the emission peak wavelength of the triplets in Zn(F-
BTZ)2. The measured TRPL spectra of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films are shown in 
Figure 5-8.  
  Three exponential decay function is used to fit these TRPL spectra in Figure 5-8. The 
shortest lifetime 𝜏1, ~ 350 𝜇s, equals to the RC responding time of the measuring 
impedance combination (10M Ω – 1M Ω). That suggests singlet lifetime is covered by 
the system responding time. Lower impedances have been employed to measure a 
true singlet lifetime in these films, but the PL intensity of our thin films is too weak 
to be detected with these low impedances. So, determining singlet energy transfer 
rate in the composite thin films is impossible. There are another two lifetimes, 𝜏2 and 
𝜏3, which are longer than the RC time, they represent two decay routes of the triplet. 
In all of these films, the two triplet lifetimes are greater than what they are at room 
temperature. That is because the TTA and RISC processes in these films are restricted 
under low temperature. Moreover, with the increase in Nd(F-TPIP)3 concentration, 
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triplet lifetimes in these films are decreased. The lifetime 𝜏2 are reduced from 10.9 
ms to 2ms and 𝜏3 are reduced from 69.4 ms to 8.2 ms. That may be because the 
increasing Nd(F-TPIP)3 number in the film could consume more triplets and give them 
shorter lifetimes.  
 
  Figure 5-8. TRPL spectra of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x  (x = 0.23, 0.38, 0.55, 
0.78 and 0.85) films at 550 nm and 80K. Black dots indicate the measured TRPL 
decay. Red curves represent the fitted decay curve. Films are excited by a 405 
nm diode laser. 
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  The triplet decay rates in [Y(F-TPIP)3]x[Zn(F-BTZ)2]1-x films are given in Figure 5-9. 
Again, a three exponential decay function is employed to fit these spectra in Figure 
5-9.  
 
Figure 5-9. TRPL spectra of [Y(F-TPIP)3]x[Zn(F-BTZ)2]1-x  films (x = 0.23, 0.38, 0.55, 
0.78 and 0.85) at 550 nm and 80K. Black dots indicate the measured TRPL decay. 
Red curves represent the fitted decay curve. Films are excited by a 405 nm diode 
laser. 
  Same to the fitting results in Figure 5-8, the shortest lifetime 𝜏1 that covered by RC 
response time represents the singlet decay process. Due to the restriction of the 
thermal-dependent TTA and RISC process, two triplet lifetimes 𝜏2 and 𝜏3 are 
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significantly prolonged compare to their lifetime at room temperature (Shown in 
Figure 5-6). According to Figure 5-9, when the films are diluted by Y(F-TPIP)3, the 
short triplet lifetime, 𝜏2, is increased from 30.1 ms to 110.7 ms and the long triplet 
lifetime, 𝜏3, is increased from 220.7 ms to 390.6 ms. This implies that the phonon 
assisted TTA process is not completely limited at 80K, increasing the separation 
distance between molecules can still effectively increase the triplet lifetime. 
  Interestingly, we notice that the trends of triplet lifetime changing with film 
concentration are opposite in the [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x and  [Y(F-
TPIP)3]x[Zn(B-BTZ)2]1-x films. Even though increasing Nd(F-TPIP)3 concentration could 
also dilute the triplet and produce longer triplet lifetime, the extension of triplet 
lifetime seems to be suppressed by the increase in triplet energy transfer rate.     
  Furthermore, the overall triplet energy transfer rates in different concentration 
films at 80K are plotted in Figure 5-10. At 80K, the values of triplet energy transfer 
rates in different concentration films are smaller than those triplet energy transfer 
rates at room temperature. Different from the energy transfer rate at room 
temperature, Figure 5-10 demonstrates a rising trend of triplet energy transfer rate 
as the Nd(F-TPIP)3 concentration increase from 23% to 85%.  The reduction of triplet 
energy transfer rate at 80K seems to be in contrast with the FRET calculation in which 
the increase in donor quantum efficiency should enhance the energy transfer rate. 
We think it may be because the triplets in the thin films do not only sensitise nearby 
Nd3+ ions but also hops between each other and excite Nd3+ at the longer distance. 
As temperature reduces in the thin film, the energy hop becomes slower and 
consequently slows down the energy transfer process.   
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Figure 5-10. Triplet energy transfer rate in [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x (x = 
0.23, 0.38, 0.55, 0.78 and 0.85) films. 
5.6 Sensitized TRPL spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-X thin films 
  The TRPL spectra of 5 different concentration [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x  films at 
1060 nm were recorded under the photoexcitation of a 405 nm diode laser. Shown 
by Figure 5-11, a two exponential decay function is used to fit those TRPL spectra. 
Both a short lifetime and a long lifetime are obtained from the fitting. The short 
lifetime 𝜏1 is similar in different concentration films, with values from 73.1 𝜇s to 91.9 
𝜇s. Also, these short lifetimes mostly contribute to the overall decay processes, which 
are around 75.2% to 88.6% in different concentration films. The rest of the decay 
component percentages are taken by the long lifetime 𝜏2, which are around 24.8% to 
11.4%.  




























Figure 5-11. Sensitized TRPL spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x (x= 0.23, 
0.38, 0.55, 0.78 and 0.85) films at 1060 nm. The spectra are recorded under 405 
nm diode laser excitation. The red curve indicates the fitted TRPL curve. Black 
dots indicate the measured TRPL decay.     
  In the 23% and 38% Nd(F-TPIP) film, 𝜏2 is 415.8 𝜇s and 333.4 𝜇s, respectively. 
Whereas, it is extended to 1.2 ms, 882.2 ms and 1.2 ms in the 55%, 78% and 85% 
films. It needs to be stressed that, even though there are huge error bars on the fitted 
lifetimes, 𝜏2 in each film are still clearly longer than any lifetime components that we 
obtained from pure Nd(F-TPIP)3 powder and thin film samples. Especially, these long 
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lifetimes in the 55%, 78% and 85% Nd(F-TPIP)3 films are considerably longer than the 
~200 𝜇s intrinsic lifetime of Nd3+. That indicates the long lifetime may be due to the 
prolonged decay process that we have observed from the sensitised TRPL spectra of 
[Yb(F-TPIP)3]x[Zn(B-BTZ)2]1-x films (see Chapter 4). Although the higher triplet energy 
transfer rates in Nd(F-TPIP)3 and Zn(F-BTZ)2 co-doped films give triplets shorter 
lifetimes, triplets in these films still live longer than the Nd3+ excited state. Thus, the 
remained triplet in the Nd3+ doped film is still able to produce the prolonged process.  
  To further prove the prolonged lifetime in these Nd3+ doped film are from triplet 
energy transfer, TRPL spectra at 1060 nm are recorded at 80K, which are shown in 
Figure 5-12. According to the fitting results, the shortest lifetime 𝜏1 are similar in all 
of these five films, giving a lifetime of ~ 130 𝜇s. That corresponds to the intrinsic 
decay process of Nd3+ with an internal quantum efficiency of ~ 65%. It has been noted 
that the quantum efficiency of Nd3+ at 80K is higher than its quantum efficiency at 
room temperature. That could be due to the phonon assisted quenching mechanisms 
becomes weaker at low temperature. 
  There are two fitted prolonged lifetimes at 80K which are represented by 𝜏2 and 𝜏3. 
As the film concentration increasing, 𝜏2 is reduced from 7.3 ms to 0.79 ms, and 𝜏3 is 
reduced from 50.1 ms to 7.3 ms. These two lifetimes take more component 
percentages than the long lifetime of sensitised Nd3+ TRPL decay, 𝜏2, at room 
temperature (Figure 5-11). At 80K, the total component percentage of these two long 
lifetimes increases to ~90%. Compare to the triplet lifetime of [Nd(F-TPIP)3]x[Zn(F-
BTZ)2]1-x films at 80K (Figure 5-8), these two long lifetimes in Figure 5-12 are in 
agreement with the triplet lifetime both in value and changing trend. That strongly 
supports our assumption that the long lifetimes we obtained from [Nd(F-
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TPIP)3]x[Zn(F-BTZ)2]1-x films at room temperature and 80K are due to the prolonged 
triplet energy transfer mechanism.  
 
Figure 5-12. The sensitised TRPL spectra of [Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x films 
at 1060 nm and 80K. A 405 nm diode laser provides the excitation light. The red 
curve indicates the fitted TRPL curve, and black dots indicate the measured TRPL 
decay. The measuring PMT-oscilloscope impedance combination is 100K-1M.  
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5.7 Modelling of TRPL decay of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x thin films 
  5.7.1 Rate equations and approximations 
  Again, we use rate constant equations to simulate the TRPL decay process of these 
[Nd(F-TPIP)3]x[Zn(B-BTZ)2]1-x thin films. The energy transfer diagram is shown in 
Figure 5-13. Similar to the energy transfer mechanism in the [Yb(F-TPIP)3]x[Zn(B-
BTZ)2]1-x composite film, both of singlet and triplet can sensitise a number of Nd3+ 
ions via FRET. However, different from Yb3+ ions, Nd3+ ions have several higher 
excited states which can be coupled to the triplets and singlets of Zn(F-BTZ)2. 
Electrons that are sensitised to the higher excited states can either directly decay to 
the ground state or relax to the 4F3/2 level and then decay to the ground state. In 
principle, these two additional transitions have to be considered into the rate 
equations that describe the dynamics of the Nd3+ excited state population. However, 
we can make two reasonable approximations to ignore the influence of those 
transitions from higher energy levels to the 4F3/2 level in the modelling.  
 
Figure 5-13. Energy transfer diagram in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x composite 
film. 
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  Firstly, according to the sensitised PL spectra in Figure 5-3, besides of three NIR 
emission peaks at 890 nm, 1060 nm and 1330 nm, there is only one additional 
radiative transition band of Nd3+ at ~ 808 nm which is due to the 4F5/2 -> 4I9/2 transition. 
That implies, in this material system, radiative transitions from Nd3+ higher excited 
states to the 4F3/2 level have significantly lower transition probabilities than the 
transitions in the NIR range. Even though there is an observed emission at 808 nm, 
its PL intensity is very weak compared to the other three NIR transition peaks from 
the 4F3/2 first excited state. Therefore, we assume all of the electrons at higher 
excited states are relaxed to the 4F3/2 level before they are de-activated to the ground 
state.  
 
Figure 5-14. The rise time of pure Nd(F-TPIP)3 powder at 890 nm and 1060 nm. 
(a) excited by 480 nm pulsed laser; (b) excited by 520 nm pulsed laser; (c) excited 
by 570 nm pulsed laser.  
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  Secondly, we measured the rise time at these three NIR emission wavelengths of 
Nd3+ ions to investigate the rate for electrons in those higher excited states to decay 
to the first excited state 4F3/2. An OPO pulsed laser provides three excitation 
wavelengths at 480nm, 520 nm and 570nm to photoexcite a pure Nd(F-TPIP)3 
powder to the 4G11/2, 4G7/2 and 4G5/2 levels. The measured rise time at 890 nm and 
1060 nm emission wavelength are shown in Figure 5-14.   
  Demonstrated by Figure 5-14, all of these rise times under different excitation 
wavelengths and at different monitoring wavelengths have values of ~ 2 to 3 ns. This 
again implies the relaxation processes from Nd3+ higher excited states to the 4F3/2 
level could have rate constants which are far greater than the radiative decay rate 
from Nd3+ first excited state to the ground state (~ 104 s-1). In some literature, the 
radiative emission from Nd3+ higher excited states are observed.115,116 We assume 
that is because there are a lot of C-F bonds surrounding Nd3+ in our material system. 
The energy of C-F bond, ~ 830 cm-1, is close to the energy gap between the higher 
excited state of Nd3+. Thus, assisted by the phonon vibration of C-F bonds, most of 
the excited state population are relaxed to the 4F3/2 level rather than directly decay 
to the ground state. Hence, we can make the second approximation that any 
electrons at higher excited states will relax to the first excited state in an ultra-short 
time period, which is short enough to be ignored.   
  In summary, based on these two approximations, we consider the energy transfer 
from singlet and triplet are directly promoting the ground states of Nd3+ to the 4F3/2 
level. Therefore, the dynamics of triplet and singlet excited states can be described 
by the same rate equations that have been introduced in Chapter 4. By replacing the 
time constants in Equation (4-10) to (4-10) with the rate constant shown in table 5-
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2, we can simulate the TRPL process and obtain the simulated Nd3+ lifetimes and their 
component percentages. 
Table 5-2 Parameters for TRPL decay simulation of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films 
Nd(F-TPIP)3 
concentration 
𝑅¸  (s-1) 𝑅(&&  (s-
1) 
𝑅&  (s-1) 𝑅)'*  (s-1) 𝑅' (s-1) 𝑅% (s-1) 
23% 10881  960 195 3 × 107  5 × 108 341 
38% 11210 1378 166 3 × 107 5 × 108 341 
55% 13262 1260 144 3 × 107 5 × 108 341 
78% 11534 1030 87 3 × 107 5 × 108 341 
85% 13679 923 45 3 × 107 5 × 108 341 
5.7.2 Simulated prolonged component percentage in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x 
thin films 
  Same as the simulation in chapter 4, most of the rate constants can be directly 
obtained from TRPL measurement or previously reported literature.117 The only 
unknown parameter in the rate equation model is the singlet energy transfer rate, 
𝑅(&'. We can feed a set of estimated values of 𝑅(&' into the model and then obtain 
several simulated TRPL spectra of each film with different concentrations. Hence, 
these TRPL spectra can be fitted by a two-exponential decay function which gives us 
an intrinsic Nd3+ decay lifetime and a prolonged decay lifetime with their component 
percentages. Then the simulated prolonged component percentage is compared to 
the experimental measured prolonged component percentage. The simulated singlet 
energy transfer rates in different concentration film are obtained when the minimum 
difference between simulated data and experimental data is achieved.  
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Figure 5-15. Simulation result in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x (x= 0.23, 0.38, 
0.55, 0.78 and 0.85) films. To the right Y axis: Black squares indicate the 
measured prolonged component percentages within their error bars. Blue dots 
indicate the simulated prolonged component percentages. To the left Y axis: 
Red squares represent the simulated singlet energy transfer rates.  
  The measured prolonged component percentages, simulated prolonged 
component percentages and simulated 𝑅(&' are shown in Figure 5-15. According to 
the fitting results, in these 5 films, the singlet energy transfer rates vary from 5 × 108 
s-1 to 1.5 × 109 s-1. That indicates the energy transfer process from the singlet state 
of Zn(F-BTZ)2 to Nd3+ ions is fast and efficient. The singlet energy transfer process has 
a rate constant that comparable to the singlet radiative decay rate 𝑅' (~5 × 108 s-1). 
The simulated singlet energy transfer rates in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films are 
higher than the simulated 𝑅(&' in the [Yb(F-TPIP)3]0.5[Zn(F-BTZ)2]0.5 film (~3 × 107 s-1), 
which suggests the sensitisation from the singlet of Zn(F-BTZ)2 is more efficient in the 
Nd-doped film. Also, these simulated 𝑅(&'  are comparable to the singlet energy 

























































transfer rate that we calculated via conventional FRET calculation which is 2.5 × 109 
s-1 to 7.7 × 108 s-1.  
  Since the measured prolonged component percentages and triplet energy transfer 
rates have relatively large errors, to demonstrate the accuracy of the simulation, we 
simulated the prolonged component percentages by changing these two energy 
transfer rates. The simulations are shown in Figure 5-16.  
 
Figure 5-16. The simulated prolonged component percentages with the 
dependent of singlet energy transfer rate and triplet energy transfer rate. 
  In Figure 5-16 (a), we observe that the prolonged component percentages in each 
film drop with the increase in the singlet energy transfer rate in all of these films. 
That implies a greater singlet energy transfer rate withdraws more Nd3+ ground state 
to its excited states via an fast energy transfer process. Moreover, given the error bar 
of the measured prolonged component percentage, we give a reasonable range of 
the simulated singlet energy transfer rate, which is ~ 1 × 109 s-1 to 1.5 × 109 s-1. 
  Figure 5-16 (b) suggests that the prolonged component percentages in [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films will decrease with the reduction in the triplet energy 
transfer rate. However, the influence of changing the triplet energy transfer rate is 
less obvious than changing the singlet energy transfer rate. Therefore, even if we 
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introduce the larger error bars of the measured triplet energy transfer rate into the 
simulation, the simulated prolonged component percentage and simulated singlet 
energy transfer rate will not change significantly. According to Figure 5-16 (b), with 
the triplet energy transfer increases from 900 s-1 to 1500 s-1, the simulated prolonged 
component percentages are still within the region that gives singlet energy transfer 
rate from 1 × 109 s-1 to 1.5 × 109 s-1.  
  Interestingly, we notice that the changing trend of prolonged component 
percentage with the increasing of triplet energy transfer rate in these [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films are opposite with the simulation result of the [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 film (See Chapter 4). As we were increasing the triplet energy 
transfer rate, the prolonged component percentage increases in [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 film. However, in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films, the 
prolonged component percentage increases with the triplet energy transfer rate. 
That is probably because the energy transfer rates in the Yb(F-TPIP)3 doped films are 
significantly slower than they are in the Nd(F-TPIP)3 doped films. In a [Yb(F-
TPIP)3]0.5[Zn(F-BTZ)2]0.5 film, even though increasing the triplet energy transfer rate 
allows Zn(F-BTZ)2 chromophore to excite more nearby Yb3+ ions, the majority of Yb3+ 
ions in the film are still remaining un-excited. As a result, the increase in the triplet 
energy transfer rate allows us to excite more distant Yb3+ ions through the energy 
hopping mechanism, which contributes to the increase in the prolonged component 
percentage.    
  Whereas in [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films, both of singlet and triplet can directly 
excite a considerable amount of Nd3+ ions, leaving a much lower population of the 
remained triplet states after a laser pulse excitation. As we have discussed in Chapter 
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4, the prolonged lifetime is due to the slow energy transfer from the remained long-
lived triplet after a laser pulse excitation. Therefore, the reduction of population in 
the remained triplet state will lead to a decrease in the prolonged component 
percentage.    
  In other words, the prolonged process is directly linked to the triplet energy transfer 
rate. When the triplet energy rate is low, there will be a very high population of 
triplets remain excited and produce the prolonged decay. Under this circumstance, 
although the increase in the triplet energy transfer rate also reduces the number of 
excited triplet states, as the overall triplet energy transfer rate is still low, the 
reduction of triplet population is not great enough to reduce the prolonged 
component percentage. Slightly increasing the triplet energy transfer rate will 
enhance the prolonged process.  However, if the triplet energy transfer rate increase 
to a high value, the population in the triplet state drops dramatically. Hence the 
decrease of prolonged component percentage caused by the reduction of triplet 
population become dominant and overcomes the increase in prolonged component 
percentage that is caused by higher energy transfer rates.  
  The simulated prolonged component percentages in a 23% Nd(F-TPIP)3 film in 
Figure 5-17 support our assumption. When we reduce the triplet energy transfer rate 
below 400 s-1, the simulated prolonged decay component percentages demonstrate 
a rising trend. Further increasing the triplet energy transfer rate, the prolonged 
component percentage starts to decline.  
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Figure 5-17. Simulated prolonged component percentage ina [Nd(F-
TPIP)3]0.23[Zn(F-BTZ)2]0.77  film with low triplet energy transfer rate. 
5.8 Photoluminescence excitation (PLE) spectra of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x 
thin films 
  5.8.1 PL intensity enhancement at room temperature and 80K 
  PLE spectra of different [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films at 1060 nm are measured 
to characterise the PL intensity enhancement of sensitisation. The design of 
excitation measurement is described in Chapter 3. The term 'PL intensity 
enhancement' in this thesis is used to describe the quality of the sensitisation process. 
It is defined by the PL intensity ratio between a sensitisation wavelength and a direct 
excitation wavelength.   
  Illustrated by Figure 5-18 (a), the peak ranges from ~ 350 nm to 450 nm overlaps 
with the absorption band of Zn(F-BTZ)2 chromophore, which represents the PL 
intensity generated by sensitisation. There are also a few peaks at 520 nm, 570nm, 



























Triplet energy transfer rate (s-1)
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760nm and 808 nm. They correspond to the intrinsic Nd3+ transition from its ground 
state to 4G9/2, 4G7/2, 4F7/2 and 4F5/2 energy levels. Due to the limited amount of Nd(F-
TPIP)3 molecules in the low concentration films, only the transition at 570 nm can 
give clear peak shapes in all of these five films. Therefore, we have to pick the peak 
intensity at 570 nm to compare with the PL intensity at 405 nm so as to study the 
enhancement of PL intensity quantitatively. The reason for us to use choose the PL 
intensity at 405 nm as the sensitisation intensity is to keep consistent with the 
excitation wavelength that we used to measure the sensitised PL and TRPL spectra in 
previous sections. The PL intensity enhancement by 405 nm sensitisation in different 
concentration films are plotted in Figure 5-18 (b). With the Nd(F-TPIP)3 concentration 
increasing from 23% to 85%, the enhancement of PL intensity decreases from  ~ 3300 
to 400 times. That suggests the sensitisation process is more efficient in the low 
concentration films.   
 
Figure 5-18. 1060 nm PLE spectra and PL intensity enhancement of [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x  (x= 0.22, 0.38, 0.78 and 0.85) films at room temperature 
(a) PLE spectra. (b)PL intensity enhancement. The intensities of PLE spectra are 
corrected by the intensity of the arc lamp that used to provide excitation photons. 
  Herein, it is important to stress that the PL intensity enhancement is not a direct 
reflection of the energy transfer rate. Shown by the TRPL spectra of triplet emission 
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at room temperature (Figure 5-5 and Figure 5-6), the triplet energy transfer rate 
shows trivial differences in different concentration films. That implies the energy 
transfer rate between an individual chromophore and an Nd3+ ion is not strongly 
affected by the film concentration. However, by increasing Nd(F-TPIP)3 concentration, 
the probability for an Nd3+ to be excited by a chromophore molecule is reduced. 
Therefore, although the energy transfer rate remains the same, in each second, there 
are fewer Nd3+ ions that can be excited in the high Nd(F-TPIP)3 concentration film. 
Thus, the PL intensity from sensitisation will decline with the increasing of Nd(F-
TPIP)3 concentration. Nevertheless, in terms of direct excitation by 570 nm 
wavelength, the probability for a single Nd3+ to be excited is the same in different 
concentration films. As a consequence, the PL intensity enhancement by 405 nm 
sensitisation is reduced as the film concentration increases.     
 
Figure 5-19. 1060 nm PLE spectra and PL intensity enhancement of [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x  (x= 0.22, 0.38, 0.78 and 0.85) films at 80K (a) PLE spectra. 
(b)PL intensity enhancement. The intensity of PLE spectra is corrected by the 
intensity of the arc lamp that is used to provide the excitation photons. 
  Besides the film concentration, the energy transfer rate is also an important 
parameter that affects the PL intensity enhancement. Lower energy transfer rate 
would give less PL intensity enhancement. Evidently, in Figure 5-19, we plot the 1060 
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nm excitation spectra of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films at 80K and the PL intensity 
enhancement with an increasing film concentration. The reduction of PL intensity 
enhancement with the increase in film concentration, is due to the decrease of triplet 
energy transfer rate at 80K (See Figure 5-10).  
  5.8.2 Exciton contribution at different excitation wavelengths 
  The PLE spectra from 350 nm to 450 nm that indicates the sensitised PLE band are 
shown in Figure 5-20 (a). Interestingly, the ratio between the peak at 420 nm and 
375 nm are reduced if we increase the film concentration. In the 23% Nd(F-TPIP)3 
doped film (black dots), the sensitisation at 425 nm seems to produce more Nd3+ PL 
intensity than the sensitisation at 385 nm. However, in the most heavily doped film, 
85% Nd(F-TPIP)3 film, the peak at 385 nm generates stronger PL intensity than the 
peak at 425 nm.  
  Firstly, we use the excitation spectra of pure Nd(F-TPIP)3 powder to exclude the 
possibility that the change of excitation peak ratio is due to direct excitation to Nd3+ 
or excitation into the F-TPIP-1 ligands surrounding the Nd3+ ions. The PLE spectra of 
pure Nd(F-TPIP)3 powder is shown in Figure 5-20 (b), all of the peaks shown in the 
PLE spectrum correspond to the intrinsic absorption wavelength of Nd3+ ions. And 
there is no evidence indicates that the F-TPIP- ligand can absorb light and sensitise 
Nd3+. Also, none of these Nd3+ PLE peaks demonstrates a PL intensity which is several 
orders of magnitude larger than the others, especially at the wavelength of 385 nm 
and 425 nm. Thus, we assume the change of peak ratio in different film concentration 
is more likely to be due to the different doping concentrations change the exciton 
density in the excited states of Zn(F-BTZ)2. A varying exciton density with different 
energy may change their contribution to the energy transfer process, which can be 
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reflected by the measured PLE intensity at the emission wavelength of Nd3+. 
Unfortunately, experiments in this thesis are not sufficient to give an absolute 
explanation for our hypotheses. To further investigate this phenomenon, a transit 
absorption (TA) measurement or PLE measurement at a lower temperature (4K) may 
be required.118  
 
Figure 5-20. Excitation spectra comparation between [Nd(F-TPIP)3]x[Zn(F-
BTZ)2]1-x films and pure Nd(F-TPIP)3 powder. 
5.9 Modelling of PL intensity enhancement and power dependent PL intensity   
  5.9.1 Modelling of PL intensity enhancement 
  We also used rate equations to simulate the excited state population of [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films at their steady-state. Both of the sensitisation process 
and the direct excitation process are simulated to calculate the PL intensity 
enhancement. According to the energy transfer diagram shown in Figure 5-13, the 
steady state rate equations for the sensitisation process are list below:  
𝑁'¢ × 𝑅% − 𝑁'X × (𝑅(&' + 𝑅' + 𝑅)'*) = 0                                                                  (5-2) 
−𝑁'¢ × 𝑅% + 𝑁NX × (𝑅(&' + 𝑅' + 𝑅)'*) + 𝑁&X × (𝑅& + 𝑅(&&) = 0                       (5-3) 
𝑁'X × 𝑅)'* − 𝑁&X × (𝑅& + 𝑅(&&) = 0	                                                                          (5-4) 
𝑁'¢ + 𝑁'X + 𝑁&X = 𝑁I6                                                                                                    (5-5) 
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(𝑅(&' × 𝑁'X + 𝑅(&& × 𝑁&X) × 𝑁¸¢ ×
XT*½
*½
− 𝑁¸X_Nr6``]r × 𝑅¸ = 0              (5-6) 
−(𝑅(&' × 𝑁'X + 𝑅(&& × 𝑁&X) × 𝑁¸¢ ×
XT*½
*½
+ 𝑁¸X_Nr6N``]r × 𝑅¸ = 0	         (5-7) 
𝑁¸¢ + 𝑁¸X = 𝑁¸                                                                                                           (5-8) 
𝑅% = 	𝜎I6 × Φ × 𝑃                                                                                                           (5-9) 
  In Equation (5-2) to (5-9), 𝑁N¢, 𝑁NX	and 𝑁&X represent the population at the ground 
state, the lowest singlet state and the lowest triplet state of Zn(F-BTZ)2 chromophore. 
Their sum equals to the total number of Zn(F-BTZ)2 in the film. Moreover, 𝑅', 𝑅&, 
𝑅)'* ,	𝑅(&' and 𝑅(&&  indicate the singlet decay rate, triplet decay rate, intersystem 
crossing rate, singlet energy transfer rate and triplet energy transfer rate. Shown by 
Equation (5-9), the pump rate 𝑅% can be calculated by the absorption cross-section 
of Zn(F-BTZ)2 𝜎I6, the photon flux Φ and the excitation power density 𝑃.  
  Furthermore, the terms 𝑁¸¢  and 𝑁¸X_Nr6N``]r  give the population in the Nd3+ 
ground state and the lowest excited state 4F3/2. The total number of Nd3+ and the 
decay rate of Nd3+ are represented by 𝑁¸  and 𝑅¸. 𝐶¸  indicates the concentration 
of Nd(F-TPIP)3.  
  Since the relaxation rate from Nd3+ higher excited states to its 4F3/2 level is very fast, 
we can approximate the energy state of Nd3+ to a two-level system. The rate 
equations used to simulate the direct excitation process are shown below.  
𝑅%_¸ × 𝑁¸¢ − 𝑁¸X_¸`ru × 𝑅¸ = 0                                                                     (5-10) 
−𝑅%_¸ × 𝑁¸¢ + 𝑁¸X_¸`ru × 𝑅¸ = 0	                                                                 (5-11) 
𝑁¸¢ + 𝑁¸X_¸`ru = 𝑁¸                                                                                             (5-12) 
𝑅%_¸ = 	𝜎¸ × Φ × 𝑃                                                                                                 (5-13) 
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  In these equations above, 𝑅%_¸  indicates the pump rate when the films are 
pumped by direct excitation. To keep consistent with the measured PL intensity 
enhancement, we use the absorption cross-section of Nd3+ at 570 nm to calculate 
the pump rate. The value of absorption cross-section is obtained from literature 
which is around 3.6 × 10-20 cm2. 119,120 Since the radiative rate of Nd3+ remains the 
same when the film is either excited via sensitisation or direct excitation, the PL 
intensity enhancement can be given by Equation (5-14):  
𝑃𝐿	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =	½-_=Z8=X¾X_Z
½-_½XZ¾
                                                            (5-14) 
  It needs to be stressed that the PL spectra in this thesis (Figure 5-3) suggest the 
branching ratios from Nd3+ 4F3/2 energy level are not influenced by the film 
concentration and excitation wavelength (sensitisation or direct excitation). 
Therefore, the PL intensity enhancement at the four NIR emission wavelengths of 
Nd3+ should be equal to each other. Also, because the thickness of our samples is 
quite thin (50 nm to 1000 nm), we consider any stimulated emission process is 
negligible within our films. As a result, even though the transitions from 4F3/2 energy 
level to 4I15/2, 4I13/2 and 4I11/2 energy levels are always at population inversion state, 
we still didn't include any stimulated transition process into the simulation.  
  The rate constants in those composite films have already been listed in Table 5-2. 
Feeding these rates to the equations model, we can simulate the PL intensity 
enhancement in different concentration films. Shown by Figure 5-21, the simulated 
data points (Blue line) have a good match with the measured data points (Red dots). 
The simulation result suggests that our rate equation model can give a relatively good 
description of the sensitisation process in our material system. Also, this simulation 
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proves that our simulated singlet energy transfer rates are reasonable to describe 
the singlet energy transfer process.  
 
Figure 5-21. Simulated and measured PL intensity enhancement in [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x (x= 0.22, 0.38, 0.78 and 0.85) films. Red dots indicate the 
measured PL intensity enhancement. Blue squares represent the simulated PL 
enhancement. 
  5.9.2 Simulated power dependent curve 
  The PL intensities of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films with the dependence of the 
power density of a 405 nm excitation laser are shown in Figure 5-22. The simulation 
result indicates that the power dependent curves tend to be saturated with less 
pump power density in films with lower Nd(F-TPIP)3 concentration. That matches 
with the simulated and measured PL intensity enhancement shown in Figure 5-21 in 
which lower Nd(F-TPIP)3 concentration films demonstrate higher sensitisation 
probability.   
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Figure 5-22. Simulated power dependent PL intensity of [Nd(F-TPIP)3]x[Zn(F-
BTZ)2]1-x (x= 0.22, 0.38, 0.78 and 0.85) films. 
  The simulated power dependent PL intensity of [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films 
are also compared with the measured power dependent curves at 1060 nm. In Figure 
5-23 (a), the curvatures of the measured power dependent curves are reduced as the 
film concentration increases, which well matches the simulation result shown in 
Figure 5-22. However, different from the simulation results, all of the measured 
power dependent curves seem to be saturated with lower excitation power density. 
We attribute that to the degradation of the sample during the increasing of excitation 
power density. Direct evidence of degradation is shown in Figure 5-23 (b). After we 
record the power dependent curve from low power density to high power density, 
we immediately reverse the excitation power density from high to low and record 
the power dependent curve again. Take the power dependent curve of the 23%  
Nd(F-TPIP)3 film as an example. The two measured curves do not overlap with each 





















other. Moreover, the overall intensity of the reversely measured curve is weaker. All 
of these results prove the existence of degradation during our measurement. A 
better encapsulation on the sample could be an effective method to improve the 
stability of the sample.  
 
Figure 5-23. (a) Measured power dependent PL intensity of [Nd(F-
TPIP)3]x[Zn(F-BTZ)2]1-x films. (b) Measured power dependent PL intensity of 23% 
with a repeat but reserved measurement. 
  5.9.3 Influence of Nd3+ decay rate on PL intensity enhancement 
  Finally, we take the 23% film as an example to discuss the influence of Nd3+ decay 
rate. Assuming the film is excited by 405 nm photons with a fixed excitation power 
density of 1W/cm2, the simulated population in the 4F3/2 level of Nd3+ with a 
dependence of Nd3+ decay rate is shown by Figure 5-24. Since a higher Nd3+ decay 
rate makes it harder to maintain the population in the Nd3+ excited states, the 
population of Nd3+ 4F3/2 drops with the increase in the Nd3+ decay rate. We can 
observe that even if there is a slight reduction of the Nd3+ decay rate, the power 
density to saturate the excited state population can decrease significantly. That 
implies improving the quantum efficiency of Nd3+ ions is an effective method to 
reduce the power density to populate a significant number of excited states.   
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Figure 5-24. The simulated excited state population of a 23% Nd(F-TPIP)3 film.  





































RNd = 500 s-1 
RNd = 1000 s-1 
RNd = 3000 s-1 
RNd = 6000 s-1 
RNd = 9000 s-1 
RNd = 12000 s-1 
RNd = 15000 s-1 
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Chapter 6. Conclusion and future work 
6.1 Conclusion of the work 
  Firstly, we report two new perfluorinated NIR emitting organic lanthanide 
complexes: Yb(F-TPIP)3 and Nd(F-TPIP)3. The optical performance of powders and 
thin films are characterised by directly exciting lanthanide ions. Both of these two 
materials have been proved to be able to produce sharp emissions at 0.89 𝜇m (Nd3+), 
1 𝜇m (Yb3+ and Nd3+) and 1.3 𝜇m (Nd3+). More importantly, due to perfluorination, 
Yb3+ and Nd3+ ions indicate significantly high quantum yields. The quantum yield of 
Yb3+ in Yb(F-TPIP)3 film is ~ 60% and the quantum yield of Nd3+ in Nd(F-TPIP)3 film is 
~ 40%. Vacuum TRPL measurement of Yb3+ suggests we can achieve nearly 100% 
internal quantum yield by removing the hydrogen bond containing molecules in the 
environment.   
		Secondly, a light-harvesting organic chromophore Zn(F-BTZ)2 is employed as a 
sensitiser to sensitise Yb3+ and Nd3+ ions. Composite thin films are fabricated by co-
evaporating Zn(F-BTZ)2 and Ln(F-TPIP)3 (Ln = YB and Nd) under high vacuum. We 
successfully used a 405 nm diode laser to photoexcite the films and produce 
sensitised PL of Yb3+ or Nd3+. The details of the sensitisation effect on these two 
lanthanide ions are given below: 
I. Sensitisation of Yb3+. The spectral overlap between the tail of Zn(F-BTZ)2 
triplet emission and Yb3+ 975 nm absorption allows the Förster resonant 
energy transfer (FRET) between the chromophore and Yb3+ ions. Although the 
energy transfer rate in this composite material system is not large, we can 
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still observe ~ 20 times enhancement on the PL intensity of Yb3+ 1 𝜇m 
emission with 405 nm excitation compared to the direct excitation by 940 nm.  
II. Sensitisation of Nd3+. The absorption band of Nd3+ at 480 nm, 520 nm and 
570 nm gives Nd3+ ions an excellent spectral overlap with the emission 
spectrum of Zn(F-BTZ)2 which spans from ~ 430 nm to 700 nm. As a result, we 
obtained very bright Nd3+ NIR emission from [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x 
films. It is noteworthy that the sensitised emission intensity of Nd3+ is only 
0.25 times weaker than the emission intensity of Zn(F-BTZ)2 in the film with 
the highest Nd(F-TPIP)3 concentration, which suggests an efficient 
sensitisation. Moreover, TRPL measurements at room temperature and 80K 
show an obvious reduction of triplet lifetime, giving a triplet energy transfer 
rate of ~ 1500 s-1 at room temperature and ~ 40 s-1 at 80K. Furthermore, PLE 
measurements demonstrate the PL intensity of Nd3+ ions at 1060 nm could 
be enhanced up to ~ 3000 times in a 23% Nd(F-TPIP)3 film. All of these 
experiment results prove this Nd3+ and Zn(F-BTZ)2 co-doped material system 
to be a good candidate to fabricate optical gain devices.  
  Thirdly, for the first time, we use a rate equation model to demonstrates the long-
lived triplets have the ability to produce prolonged Yb3+ and Nd3+ decay. Due to the 
slow energy transfer mechanism, prolonged decay processes with lifetimes longer 
than the intrinsic lifetime of the two lanthanide ions are observed from sensitised 
TRPL spectra. The lifetime and component percentage of the prolonged decay are 
different in the Yb3+ and Nd3+ doped films. Details are elaborated below:  
I. Prolonged lifetime of Yb3+ doped films. Because of the weak energy transfer 
between Yb3+ and Zn(F-BTZ)2, triplets in the film have a relatively long 
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lifetime. Hence, the prolonged lifetime at the emission wavelength of Yb3+ at 
1	𝜇m, is very long and takes ~ 50% component percentage from the overall 
decay process. By cooling down the sample to 80K, we can extend the 
prolonged lifetime from ~ 10 ms to 0.3 s. That provides a novel route to 
produce persistent luminescence at 1 𝜇m. Ideally, if Zn(F-BTZ)2 can be 
replaced with some other persist luminescence materials that emit at the 
visible range, we can use this slow triplet energy transfer process to produce 
1 𝜇m persist luminescence with lifetime up to several hours.  
II. Prolonged lifetime of Nd3+ doped films. Prolonged lifetime is also observed 
in different concentration [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films. But due to the 
fast energy transfer rate, the prolonged decay at Nd3+ emission wavelength 
only gives ~ 400 𝜇s lifetime.  
  Finally, we built a comprehensive model to simulate the dynamics of excited states 
population in the Zn(F-BTZ)2 and Ln(F-TPIP)3 composite films. Our model relies on 
TRPL measurement to obtain the rate constants of each energy transfer processes. 
Based on the measured rate constants, the unknown singlet energy transfer rate can 
be fitted via comparing the simulated results with experimental data. Hence, we can 
use the model to predict the population in the excited state with the dependence of 
different rate constants. For example, the influence of energy transfer rate, triplet 
decay rate, excitation power density and film concentration has been studied to give 
us a guide to improve the optical performance of the materials.      
  6.2 Future work 
  First of all, we have already proved the potential to produce persistent 
luminescence at 1 𝜇m via the slow triplet energy transfer mechanism to Yb3+. Then it 
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is worth to use some organic persistent luminescence material to build energy 
transfer with Yb3+ in order to move the persistent luminescence to the wavelength of 
~ 1.  
  Secondly, [Nd(F-TPIP)3]x[Zn(F-BTZ)2]1-x films have shown excellent PL intensity 
enhancement via the sensitisation from a 405 nm diode laser. Also, due to the unique 
four-level radiative transition from Nd3+ 4F3/2 excited state, it is promising to fabricate 
optical gain devices with the current material system. For instance, growing the co-
doped film on to optical cavities may allow us to produce thin film laser at Nd3+ 1.06 
𝜇m and 1.3 𝜇m emission wavelengths. Moreover, depositing composite thin films on 
waveguide chips to fabricate an optical amplifier is another potential application of 
our material system. Especially, the 1.3 𝜇m emission of Nd3+ matches with the second 
telecommunication window. Thus, an optical amplifier working at ~ 1.3 𝜇m may 
attract many interests in the telecommunication market.   
  On the way to stable, reliable and efficient laser or optical amplifiers, our material 
system still faces some challenges which need to be solved in the future: 
I. Stability of Zn(F-BTZ)2. Our experiment has demonstrated that the Zn(F-
BTZ)2 chromophore is degrading under laser excitation. The material 
degradation is ascribed to the existence of H2O and O2 molecules in the air. 
Also, impurities may be another factor to burn the material. Therefore, 
better encapsulation of the sample and an improved purification method 
need to be investigated to attenuate the degradation.   
II. Quantum efficiency. Although perfluorination has already largely restricted 
the quenching mechanism of hydrogenated bonds, there are still trapped 
H2O molecules in the film that quench lanthanide ions’ radiative emission. 
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In the future, an ultra-dry environment of thermal evaporation is desired to 
reduce the amount of H2O molecules in the film. Also, a good encapsulation 
and an enhanced material purity may be useful to extend the emission 
lifetime of the two lanthanide ions. 
III. Better organic sensitiser. The energy coupling provided by the current 
organic sensitiser Zn(F-BTZ)2 is relatively good but not optimised for Nd3+. 
Therefore, any perfluorinated organic emitter that has larger spectral 
overlap with Nd3+ ions, longer triplet lifetime and larger absorption cross-
section could become a better sensitiser to sensitise Nd3+ ions. In the future, 
efforts should be made to find or synthesis organic sensitisers that meet 
these requirements above in order to improve the optical performance of 
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